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ABSTRACT

The gaseous alkali halide molecules are of interest
because they constitute a group particularly susceptible to
theoretical interpretation. It does not seem to be too far
from the truth to regard them as systems of simple polarizable
i.cm:v..l’2

An important molecular property is the dissociation
energy, D(MX). 1In the case of the alkali halides, this
may be determined either by spectroscopic or by thermochemical
methods. However, although analyses of their ultraviolet
absorption spectra have given fair estimates of the
dissociation energies , the method of analysis is here 1iab1ﬁ
to systematic errors and i1s best used to get relative values.
The most reliable estimates of the energies of dissociation
are therefore to be obtained from the thermochemical cycle

which may be written
D(MX) S - Qf(MX) - ASH(M) + ASH(M) + }D(x )ooo-o(l)

The quantities least well known in equations (1) for the
alkall halides are often the heats of sublimation, 4gH,gg(MX),
of the salts. There 1s at present available in several,cases
information only on the vapour pressure above the liquids at
relatively high temperatures, and the corrections to give

AsH298 are large and uncertain, and more so since the only values



commonly known for the heats of fusion are derived from
rather scanty information on freezing points in binary
systems.5

On these grounds, the merits of determining Aglygg
by measuring the vapour pressures above the crystal at
relatively low temperatures are obvious, in addition it has
recently become clear that the interpretation of
measurements at higher pressures is not simple., There 1s
now good evidence, both from electron impact studies, and
from the observations of molecular beams,7 that the vapours
of the alkali halides consist by no means e:rclusively of
monomers, MX, but also contain appreciable proportions
of polymers, especlally of (MX)z. It would be expected
that at the low vapour pressures obtaining above the crystal,
dimerisation would be relatively unimportant, and that
reliable values of AsH298 for the monomeric species might be
obtained by simple treatments. In fact, the results given
below may be teken to indicate that this is the situation
for caesium and rubidium fluorides, but that in lithium,
sodium, and, to a larger extent in potassium fluoride;

dimerisation is significant even at pressures in the range
10™% to 107¢ mm,



EXPERIMENTAL

Apparatus

The vapour pressures were determined by the torsion-
fibre effusion method described by Barrow,g&_gl However
it was necessary to work at considerably higher temperatures,
and a new and somewhat different apparatus was constructed.
The effusion vessel was contained in a translucent silica
tube, closed at the bottom and provided with a flange at
the top. Surrounding the tube was a furnace wound with
resistance wire in four sections through which the current
could be independently controlled. The distribution of
temperature inside the tube was thoroughly explored in a
series of preliminary experiments. Chromel-P-Alumel thermo-
couples, calibrated at the freezing~points of zine, aluminium
and silver were used. The effusion vessel itself hung in a
constant temperature enclosure formed by radiation shields.
The furnace was fitted with counterweights, and loading of the
effusion vessel was accomplished by withdrawing the furnace
and breaking the flange joint on to a water=-cooled brass
flange which carried the support for the quartz fibre.
Angles of twist of the fibre were measured on a circular
perspex scale which extended over about 110°.  Movement of the
effusion vessel could be damped magnetically. A radloactive
source minimised the effects of stray electrostatic chafges.

The whole apparatus was mounted on supports designed to damp



vibrations transmitted through the laboratory floor, and was
insulated from the rotary oil-pump, Residual pressures

within the apparatus were measured on an ionization gauge:

5mm. Hg.

in satisfactory operation these were less than 10~
Experiments to test the absolute calibration of the

apparatus were carried out with potassiim chloride in a

silica effusion vessel. The fluorides, however, react with

I were first

silica at high temperatures, and graphite vessels
used, Although a great deal of effort was expended, it
proved impossible to obtain consistent results with them,
It was finally concluded that graphite is unsuitable for
this purpose, first because it is difficult to free from
magnetic impurities, and second because of its capacity for
adsorption. A platinum vessel was then obtained whose
behaviour was entirely satisfactory.
Materials,

Lithium fluoride of the highest purity is used for
windows in vacuum ultraviolet spectroscopy. A sample was
prepared by powdering a fragment of broken window.

The remaining alkall metal fluorides were prepared by
adding a very slight excess of dilute hydrofluoric acid to
the carbonate (of Analar quality or better) in a platinum dish,
evaporating to dryness and heating tﬁe residue strongly to

decompose any bifluoride present. Caesium bifluoride, the most






The equilibrium pressure, p, is related to the angle of
twist @ by p = kO, where k = 2/C(a;f1x; + a,f,x,)¢ C 1s the
torsion constant of the fibre, a4q and a, are the areas of
effusion holes at distances X, and x, from the axis, and f4
and f2 are factors depending on the depth of the holes.
Having determined k, the readings of @ obtained for potassiu
chloride were converted into values of the pressure. The
results are illustrated in figure 1 where they are compared
with the observations of other workers., The agreement is
generally good, both in respect of the absolute magnitude of
the pressure and in the slope of the graph of log p against ]

RESULTS!AND DISCUSSION
The results of the present experiments are

summarised in table 1 The most striking feature is the
extent of the disagrecement between the results of the second
and third lay calculations oflﬁsﬂzga for lithium fluoride
(table 3); the second law result is no less than 5.5 Keal
higher than the third law value. This unusual discrepancy |
confirmed by less reliable rasults obtained with graphite
effusion vessels, The same trend is observed for other
halides, although to a smaller extent, while for rubidium an(
caesium fluorides the second and third law estimates agree

to within the c¢xpected limits of error.



\
Q-

Gy

s
Ope.

o
o
=20 e OA\
00 A
OQ\A
\O
) ..A

C \,

0] .00

3 \Ah

Q
()
~340 o\O
A Niwa t
A Mayer and Wintner \
O  2imm and Mayer
© Deitz
°® Treadwell and Wernher
® Bradley and Volans
[ —— Present work
I l 10°/ 1% I
1.10 1.15 1.20



These discrepancies can largely be reconciled if account

is taken of dimerisation in the gas phase. That the gaseous
alkali halides consist not only of monomeric species has been
demonstrated in particular by Friedman§ and by Yiller and
Kusch7. Friedman carrieé¢ out a mass=-spectrometric study
of the vapour in equilibrium with lithium iodide in the
temperature range 633 to 758%K and found not ogly the
expected ions, LiI+, Li+ and I+, but also LiZI s the
relative intensities indicated roughly equal} proportions of
Lil and LiZI in the gas. Molecular beam magnetic resonance
observations = had earlier given indications that for the
sodium halices some 25 to 75% of the beams consist of dimers,
Miller and Kusch analysed the velocity distributions among
the molecules effusing through an aperture from an isothermsl
enclosure for ten alkali halides. No dimerisation was found
for caesium chloride 6r bromide, but appreciable concentrations
vere detected in the cases of lithium chloride and bromide,
sodium fluoride, chloride and iodide, potassium chloride and
iodide and rubidium chloride. Observable concentrations
of trimers were found for lithium chloride and bromide for
sodium fluoride., Values of AE® for the reaction 2MX = (MX)2
at temperatures around 850°K ranged from =42 to =48 Keal.

The effects of dimerisation on the interpretation of the
present results for lithium, sodium and potassium fluorides

has been trcated as follows. Values of the standard

eéntropies of the gaseous dimers were estimated following the
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assumption that they take up a planar configuration with
an apex angle of 105° and with bond-distance greater by

10% than in the monomer, Vibrational contributions to the
entropy were estimated assuming five stiff modes with

- 2
vV, = (ry/r, )" V,, (where subscripts . and , refer to

monomer and dimer respectively) and one loose vibration with
V=0,1 02. If a value of AH (dimerisation) is assumed,
values of the equilibrium constant between monomer and dimer
may be calculated, and hence partial pressures of the two
species. The value of AH (dimerisation) may then be varied
so as to bring the second and third law estimateg of
A sHogg into agreement,
The results of these calculations are given in tables

2 and 3,

IABLE 2
M B v pm b G,
LiF 1000 L1l x 107" 3.28 x 10"“ et/ mote
1120 1.22 x 10™% 1,57 x 1072 62.7 70k
NaF 1030 7.10 x 107 045 x 1o"LP
1165 2,73 x 1072 0,38 x 10~¢ Shh 748
KF 900  6.79 x 10™* 0.45 x 10-%
1020 247 x 107¢  0.31 x 1072 by 62.3
KC1 830  4.88 x 10°% 1.59 x 10-%
51.0 5,1

940  1.82 x 10"¢ 0.74 x 10~<

AE

53

52

45



KCl
LiF
NaF

RbF
CaF

Notes.

TABLE 3

VALUES OF A%H298 Kcal/mole
(1) 100% monomer (ii) corrected for Best
dimerisation. value
second law third law second law third law
53.92 52,72 53.92 52.88 52.88
70.37 64,8 66.7 66 .27 66.3
63.91 67.1 67.9 67.35 67.35
58.97 576 58.1 57.77 57.8
55.63 514,83 e T— 54 49
48,72 49,12 = ememe eeee- 49,1

l. Miller and Kusch7 find that for potassium chloride

2,

in the same temperature range as in our experiments,
p; 1s about 91% of the total pressure, the third
law value has been corrected accordingly,

If the second law valuesfor rubidium and caesium

fluorides are assumed to be correct, then we

obtain 8?0)298 = 16.5 and 19,6 cal deg“l mole™t

respectively, in fair agreement with Latimer's
estimates’ of 17.% e.u. for rubidium fluoride

and 19.1 e.u. for caesium fluoride.



The sstimates of the extent of dimerisation are not to be
regarded as more than semi-quantitative: they depend too
strongly upon the second law values of the hcats of
sublimation for precise estimates to be made. For

example, in the case of potassium chlorice, Miller and Kusch
find that the partial pressure of monomer is constant at
about 917 of the total pressurc in the temperature range 872
to 967°K. while the present work gives about ?5%. However,
since the heats of sublimation of monomer and dimer are so
similar in this case, the method is very prone to errors in
the experimental heat of sublimation by the second law,
However, with this exception, the results are very reasonsble.,
Dimerisation is of decreasing importance from lithium fluoride
to potassium fluoride énd has not been cetected in rubidium

or caesium fluorides, The values found for the energies of
dimerisation, ranging from 53 to 45 Keal mole - fit well with
those obtained for the other halides by Miller and Kusch. It
seems that of all the alkali halides, lithium fluoride shows
the greatest tendency to form dimers, Only in this case is
the effect of dimerisation sufficient to change appreciably
(by 1.5 Keal), the value calculated from the third law on

the assumption that the vapour consists solely of monomer,

The dissociation energies to ions of the alkali fluoride

were calculated a) from g thermochemical crele using the

quantities given in circular 500 ang the experimental heats of



sublimation, b) from Rittners theoretical model. The results
are shown below and are compared with the spectroscopic

values from Barrow and Caunt (1953).

TABLE 4

Heat of dissociation to ions.

kecal/mole
Rittner Thermochemical Barrow and Caunt
NaF 03 05 -
KF 156.6 135.6 1414
RDbF 136,0 130.1 140 ,7
CsF 132,1 123.8 1384
Appendix

Using plates of high resolution, taken on = 21ft.
grating by Professor P. B, Zeeman of the University of
Stellenbosch, the rotational analysis of the 'Z;_‘ 'Z‘:
(Mulliken) system of 02 originally carried out by Landsverk
(1939) has beren extended. The combination differences for
the ground state found by Phillip§8(19u8 ) from the ?E;"iztk
system were combined with those from thc present work to
find accurate values of B and D for the lower state.
It was hoped that perturbations of the singlet states by the
triplet states might have made 1t possible to estimate the
relative energies of the singlet and triplet states, but no
evidence for pcrturbation was found.

The values of B,, D, and Vo are given in Table §

below,



Table 5

viv!! B" B' D"x10
L43226.97 1.8.11713 1.82372, 7.1475  T7.4815
1 43201.17 1.79393 1.8014937 7.190 7.518

'D'x10

e WA73.52 A.TT578  4,7858g,  7.233  7.531

3 L43150.86  1.7558,  1.7651g  7.50  7.67
L3128.13 1.73805 1.7h7hu 7.5 7.5

5 L43108.86 1.7199  1.72% 7.5 7.5




































GENERAL INTRODUCTION

In order to further the study of the nature of chemical
bonding, it is essential to have accurate valucs of the
dissociation energies of simple molecules, The three main
methods of determining cissoeiation energies use spectroscoplc,
thermo~chemical and electron impact techniques. Recently
the shock wave technique has also been used to find
dissociation energies,

In ideal cases, the spectroscopic method provides an
exact and unambiguous value, as for the halogen, 02 and 32
molecules, but in most cases, the dissoclation limit is not
directly observable and the Birge~Sponer or some other
extrapolation must be used which may lead, as in the case
of the K, molecule, to considerable error, A further
drawback to the spectroscoplc method is that it is necessary
to know the states of excitation of the products of
dissociation. Where these cannot be found from internal
evidence, another value of the dissoclation energy must be used
in order to decide between the possible altornatives associated
with the various possible energles of excitation,

In the thermo-chemical method the substance is taken
through a series of reactions and physical changes which form



¢ thermo-chemicsl oycle., If one of these reactions is the
dissociation of the guseous molecule to wtoms, und the heats
of rewction for uall the other steps in the cycle sre known,
the heat of dissociution is eusily culcul.ted, The
disedvantuge of this method is thut the unswer contuins the
sum of w1l the errors in the sepurate steps, However, this
method 1s extremely vsluable where the other methods fuil.
It is vsluuble for enublin: s decision to be mude between
alternative spectroscopic vulues, It may ulso demonstrate
the presence of muxims in the potentiul energy curves of
molecules us for example in AlF,

In thermo~chemicel cycles of this type, the least well
known quentity is ususlly the hest of sublimetion of the solid
substunce, The celculatlion of this requires uccurate
knowledge of the vapour pressure over s runge of temperatures,

The ©lkali halid:.s form a« well defined cluss of substances
which are umenable to theoretical treatment. Severul
theoreticul treutments of the diutomic wlkuli hualide molecule
have sppeured recently (Rittner (1952) Varshni (1957) Psuling
(1956)'Benson and Ven derHoff (1954)) and the thermo-chemicsl
dute on the solid substances are now more complete, The
spectroscopic method of finding the dissociution encrgy is
not entirely sstisfactory since the upper stutes wre repulsive

wnd only diffuse fluctuation bunds sre observed in the ultra



violet spectru., Interpretutions of the spectru are prons
to lurge systemutic errors and the thermo-chemical method
is prefersble. For the alksli fluorides duts on the vapour
pressure over the solid are scenty., Duts exist for
the vapour pressure over the l1iquid, but the sgreement
between the work of the vsrious authors is not very good.
The heats of fusion mostly derive from measurements on the
ftreezing points of binury mixtures, of doubtful uccurscy;
and the corrections to room temperwture from the high
experimentsl temperatures required for work on the liquids
are lurge and uncertaln, It seemed necessary therefore to
measure the vupour pressure over the so0lid -nd so detcrmine
the heat of sublimation directly. A further point is that
conslderable evidence now exists for the presence of polymers
in the vapours of the ulkali-hwulides (Miller und Kusch (1956))
though there is controversy sbout tris (Kiemperer und Rice
(1957), Rice and Klemperer (1957)), which, unless their
concentrations were known, would interfere with the caulculation
of the heat of sublimation. The concentration of polymers
in the vapour would be expected to increuse with _ressure,
therefore i1t is preferable to muke themeusurements ut the
lowest pressures possible.

It wus decided to investiguste the vupour pressure over

the solid alkell fluorides, on which there is little duta,



in order to obtain accurate values of the dissociation energies
of the diatomic alkali fluorides as tests for the theoretical
treatments: and also in the hope of providing evidence

about the existence of polymers in the vapours of these
substances,

This thesis is divided into three parts - the first
deals with the construction of the apparatus, the second with
the results obtaincd and in the third, the binding cnergies
of the alkall fluorides, and the existence of polymers 4n
the vapours are discussed,

In an appendix, an extension of the analysis of the
system of C, originally carried out by Landsverk (1939) is
described, It was hoped to find perturbations which would
lead to a knowlcdge of the relative energies of the ground
states of the singlet and triplet systems.



PART I

CONSTRUCTION AND CALIBRATION Or TiIE APPALATUS






INTRODUCTION

Since there are several excellent reviews of the
general field of vapour pressure measuremcent, (Eucken (1935),
Ditchburn and Gilmour (1941), Stull (1947), Dushman (1949),
Speiser and Johnston (1950)) none will be attempted here.
When intending to carry out vapour pressure mcasurements,
it is necessary to decide whether a low (< ND-l mm) or a
high pressurc ( > 1 mm,) method is to be used, The reasons
for the choice of the former for work in this laboratory
have been given by Jeffries (1952), They ares

1) Observations are made at lower temneratures which
are more easily obtained and measured,

2) The correction to be applied in converting the
heat of sublimation at the experimental
temperature to that at room temperature, will be
smaller and errors due to the use of inaccurate
thermal data will be correspondingly reduced.

3) It is often possible to make measurements on the
gsolid. This removes the necessity for knowing
the latent heat of fusion, which is seldom
accurately known for inorganic compouncs,

4) It is most commonly found that the vapour over a
condensed phase contains a higher proportion of plymers
as the temperature rises (Brewer 1950),



Heis (1924) described a method of measuring the vapour
pressure of substances in the low pressure range in which
the recoil force on the vessel due to molecules leaving 1t
through a small hole was measured by the torsion in a
fine quartz fibre, The method has becen employed by
Volmer (1931), Necumann and Volker (1932), Balson (1947)
Wessel (1951) Searcy and Freeman (1954%), The great
advantage of the method over the usualweightolbss effusion
techniques is its rapidity. The pressure is instantaneously
measured, and a complete serles of measurements over a wide
pressure range is obtained in the time required for a very
few points by the weighte~loss method, Since the method
gives the pressure cirectly without any assumptions concerning
the molecular weight of the molecules in the vapour it
can be combined with the Knudsen weight-loss effusion
method to yield values of the molecular weight of the vapour,
This application o° the method has been used by Volmer (1931),
Searcy & Freeman (1954) and Magee (1955). It was originally
intended to measure molecular weights in the present apparatus,
and a sensitive quartz micro-balance capable of carrying over
10 grams was constructed for this purpose, but so far, it has
not been incorporated, end work has been restricted to the
measu: ement of pressures only.

The torsion-effusion method has been used for the

measurement of vapour pressures in this laboratory by



Jeffries (1952), Swinstead (1954), Pugh (1955) and Smith
(1956) . This apparatus has the furnace inside the vacuum
envelope, which restriets the tempcratures at which
measurciients can be made, For work on the alkali fluorides
and other involatile substances, the construction of a high

temperature version of the tension effusion apparatus was
undertaken by the author.



DESCRIPTION OF THL APPARATUS

From experience in the use of the low tempcrature

vapour pressure apparatus which has been in use in the

department, the following improvements were incorporated

in the present apparatus:

1) Loading from below so that suspension is not
disturbed during re-loadings;

2) Antievidbration mounting;

3) A means of dJamping out oscillations of the
suspension;

4) Inereased length of scalej

5) External furnace.

Malp Lrame-work

The nain framework consists of four vertical lengths of

Dexion slotted angle five feet in length, jJoined so that they

form the corners of a square side 13" when viewed from above.

Lengths of Dexion braced to the vertical members stick out

%

from two adjacent bottom corners of the square a:.d carry at

their ends levelling feet. The main frame rests on four

Lacrosse balls placed between pairs of 'Mascolite' fibre cups.

The lower cups are supported on plywood supported on a further






layer of Mascolite, Two of the upper fibre cups are
attached to the two levelling feet, the remaining two
are placed under the two vertical members furthest from
the levelling feet. A smaller Dexion frame supported on
rubber balls set between hollowed out corks carries the
diffusion pump, trap ete, of the vacuum system,

All electrical and water leads, except those from
the thermocouples, leaving either the main frame or the
small frame are rigidly screwed by means of metal clips to
a heavy block of stone., The rotary pump is cornected to
the swmall frame through rubber hose and a copper tube which
is screwed down to the block of stone, This effectively
isolates the apparatus from vibrations transmitted along the
vacuunm line and e¢lectrical and water leads, and from
accident~l jerks on the¢ leads,

The scale was engrsved on Perspex by hand, It is
240 cm. in length and is attached by brass screws to a steel
strip which is held in a circular arc of 1 metre racius by
18 brackets attached to a framework of Dural angle. The
scale 1s easlly removable from the apparatus, when this has

to be dismantled, and can be replaced exactly.

dhe furnpace

The furnace consists of a coil of nichrome wire of

resistance 0,404 ohms per yard wound with ten turns to the
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inch on a spirall- grooved silica former 20" long and W4
internal diameter. The coil is tapped at distances of

8 cme,17 cm.. 32 cm..and %1 em. from the top edge of the
formers the tappings are of nichrome and were spot welded
to the coil. The coil is seecured at cach end of the
former by & nickel band clamped round it by means of a
stainless steel nut and bolt. The silica former is held
in place between two square asbestos boards having 4" holes
through the centre with a rabbet round the edge into which
the former fits. The former 1s surrounded by a eylinder
of mild steel sheet 9" in diameter which fits into cirecular
grooves 1in the asbestos boards., Four iron rods threaded
at each end pass through holeg in the asbestos boards and
force the steel cylinder into the grooves. The space bcectween
the former and the steel eylinder is filled with asbestos
powder, The furnace leads and the tappings 2re insulated
with porcelain leads and are fastened to terminals bolted
to the top asbestos board. At each corner of the two
asbestos boards a small plece of channel section girder 1is
secured carrying at its end a small rubber~tyred Mececano
wheel which fits into th: corner of one of the vertieal
members of the main frame. The furnace can therefore be
raised and lowered within the main frame and is retained in
the centre of the frame by the srall wheels, Lead counter
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welghts attached to wires running over pulleys facilitate

tiils movement.

Ihg emre;g REe

The envelope coneiste of two parts separated by a water
cooled flange. The upper part is a pyrex Dewar blank
selected for its optical qusality since ligiht incident upon
and reflected by the galvanometer mirror on the suspension
has to pass through it. It is flanged at its lower end
and carries side arms for the main vacuum line, vacuum
gauges and thermocouple leads., At its upper end it carries
a female spherical ball grind. The male half of the ball
grind is part of the tube containing the quartz fibre. The
spherical ball Jjoint makes it possible to adjust the
suspension so that it hangs correctly along the axis of the
lower part of the apparatus,

The lower part of the envelope consists of a silica
tube 24" long 3" internal diameter closed at the bottom and
having a 4" diameter ground flange at the top. The water
cooled flange is of brass and is fitted with lugs by means
of which it is rigidly bolted to the main frame. These lugs
support the entire weight of the envelope. The top surface
of the flange is flat and the pyrex flange is joined to it
by vacuun grease. The lower surface has a circular groove

cut in it into which is fitted {" diameter rubber cord
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forming a type of "O" ring gasket. The flange of the
silica pot is pressed against this gasket. The silica
flange is not very smooth and it was found to be important
that the length of rubber cord used was exactly right. If
i1t was too short the ends were not forced together suffi-
clently strongly to prevent a leak, while if it was too
long it became slightly bunched in the groove 80 that the
sllica flange was pressed less tirntly against it in sowe
places than in others. A great deal of time was spent
looking for minute leaks which are now believed to have been

due to this cause.

Radiation s lds.

If we are to measure the temperature of a body in a
vacuum by means of a thermocouple placed near it, the
temperature ueasured will only be correct under "black body"
conditions since it is extremely uhlikely that the body and
the thermocouple will have identical emissivities.
Accordingiy, an attempt was made to simulate as closely as
poseible a constant temperature enclosure using polished
radiation shields.

Into the water cooled flange are screwed three metal
rods which serve to support the radiation shields and
thermocouples inside the silica pot.

There are three radiation shields all being constructed
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on the principle of the 'light trap'. Each shield consists
of two disce of molybdenum sheet, a short distance apart,
with slots cut in them in such a way that gas can flow
through them but the two discs together present a complete
disc to inclident radiation. A sketch of the radiation
shields is given in Pigure 2a. The discs are separated by
short lengths of alumina capillary through which pass
lengthe of nichpome wire which are riveted at each end to
Join the shields to the spacer. Holes were drilled in each
shield for the suspension to pass through, and other holes
und slots for the .thecrmocouples. Three more holes were
drilled near the edge through which the metal supporting
rods pass. The 1étter have narrow cutse made in them into
which the edges of the corresponding holees in the radiation
shields are forced by small copper wedges forced between the
rod and the other side of the hole. The top radiation shield
is Jjust below the top of the furnace wihen this is raised to
the operating position in order to blank off what would
otherwise nhave been a "ecold window." The next radiation
shield is 20cm below the to; of the furnace and the bottom
shield 18 a further 1,cm below this. The space between the
two lower radiation shlelds’forms the constant temperature
enclosure and another radiation shield in the form of a
cylinder of thin metal sheet stretching between the two

circular radiation shields completes the enclosure, All
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radiation shields were polished and retained this polish on
heating since the metal oxides were volatile at the experi-
mental temperatures. A discussion of the wetals used for
supporting rods and the cylindrical radiation shield is

given later,

The yacuum system,

The vacuum system is entirely conventional. It
consists of a Metrovac Type 02 oil diffusion pump backed by
a two stagze Metrovaec rotary pump, a cold trap surrounded by
liquid air freezes out condensible vapours. Large diameter
tubing was used in order to obtain a high pumping speed. A
system of two ground glass spherical Joints and a cone and
socket Joint make possible considerable relative movement
between the main apparatus and the vacuum system mounted on
its separate frame, After out gassing, vacua approaching
10~6um were often obtained.

The residual pressure in the apparatus was measured by
a thermocouple gauge and an ionisation gauge,

The cooling water flowing through the water cooled
flange and the diffusion pump was fed to a constant head
tank with a capillary leak at the bottom. A float-operated
micro-ewitch switched off the diffusion punp and sounded a
warning buzgzer if the flow of water became less than that

passed by the caplllary leak, An Edwards type VSK.1 vacuum
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relay was incorporated which switched off both the diffusion

and rotary pumps if the pressure in the system rose above 2cm.

!!!ﬂ susp_ens;on.

The suspension consists of three parts: the quartz
fibre, a pyrex rod bearing the mirrors, a silica rod to
which the effusion vessel is hooked.,

The quartz fibre was made by the following method. A
hook was formed on the e¢nd of a short length of 1nm quartsz
rod; the other end was waxed into a piece of pyrex
capillary Jjoined to a length of 4mm pyrex rod which was
clamped vertically. From the hook was suspended a piece of
glass rod weighing a few grams. The glass rod was surrounded
by a piece of 12mm pyrex tubing clamped vertically. In
order to draw out a fibre, a very small silent coal gase-
oxygen flame was applied to the centre of the quartz rod
until the welight began to fall, when the flame was quickly
removed. The height which the weight can fall before
striking the bench determines the length of the fibre. The
fibres used were about 25cm long. VWhen the weight falls it
must not be checked by touching the walls of the glass tube.
It usually took many attempts before a fibre of the correct

length and torsional constant was obtained.

Measuremen f Deflectione

The second section of the suspension is a thin pyrex



rod carrying two concave galvanometer mirrors of 1m focal
length, and a radiation shield. The mirrors reflect light
from a galvanaometer lamp on to the circular scale. In this
way the deflection of the suspension from the zero position
is measured. The two mirrors are joined back to back to the
pyrex rod with shellac cement. By using two mirrors, a
second set of observations (hereinafter called 'high points')
when the suspension has made half a revolution can be
obtained. The angle between the mirrors was found by the
following method.

Two galvanometer lamps with tiheir lenses nhalf masked
and having thick vertical cross-wires fixed to the surfaces
of them, were placed two metres apart. They were adjusted
80 that the image of the cross-wire of one lamp coincided
with the cross-wire of the other. A horizontal translucent
scale was placed level with the lens of one lamp at right
angles to the line Jjoining the two lamps. The mirror
systen was placed one metre from the lens of the lamp having
the scale near it, so that it interrupted the beam of light.
The mirror system was turned uintil the image of the eross-
wire of the lamp not having the scale near it was reflected
back upon the cross-wire. The image of the cross-wire of
the other lamp was reflected on to the horigzontal scale and
its distance from the cross-wire was recorded. This distance

in cm when corrected for the fact that the translucent seale
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was not the arc of a circle of 1 metre radius is the quantity
which must be added or subtracted to the readings of
deflection during a high point measurement. Below the pair
of mirrors, a small aluminium radiation shield is retained
between two bulges in the pyrex rod. Ite purpose 1is to
protect the mirrors and fibre from the effects of radiation.
The remainder of the suspension consists of a thin
quartz rod with hooks at each end carrying'the ef'fusion
vessel at one end and attached to the pyrex rod at the other.
All hooks were made acute to obviate angular movement
between two hooks; the ecentre of each hook lay on the axis

of the rod.

The effusion vessels,

Effusion vessels made from the following materials were tried:
quartg, graphite, alumina, copper and platinum. These will
be described separately.

The quartz vessel is 1llustrated in Figure 3, It was
made by the usual techniaues of silica blowing using an
oxygen-coal gas flame., PFiret of all the bulbs were blown
and Jjofned to a piece of tubing closed at one ende The holes
were then made using the technlaue given by Weselovskii. A
very small flame was played on the surface of the bulb, and
a small hole was blown. By playing the flaume on the hole it
can be made to shrink and finally to disappear. At the sanme






time the wall of the bulb tends to collapse but by combining
shrinking of the hole with an occasional blow which blows

out the bulb and also enlarges the hole, a satisfactory hole
can be obtained. The holes so produced have wall thicknesses
wuch thinner than the general thickness of the surrounding
bulb. No attempt was made to reduce further the wall thick-
ness since it was thought that the thin edges of the hole
might be attacked by the alkali halide vapours. The vessel
was closed by a ground stopper, and & suspension hook wase
added.

Quartz is attacked by the alkali fluorides 80 graphite
vessels were constructed by the following methed. A photo-
graph of a graphite cell is given in Figure L and a scale
drawing in Figure 5 .

A length of §" diameter graphite rod (obtained from
Morgan Crucible Co. Described as Link EY 9a) was first turned
down to %" diameter in the lathe. The end was turned flat
and a hole §" deep was drilled along its axis using a 11/32"
drill held in the tall stock. The rod was parted off about
13" from the turned face. The small piece was then mounted
in the chuck, the face was then turned down flat until the
total length was 18". Another hole 11/32" in diameter and
§" deep was drilled along the axis. This left a solid section
8" long in the centre of the vessel. 8ince it was found that
the drill did not always give a perfectly round parallel
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sided hole, the holes were very clightly enlarged for a
dietance of about §" from the end of the vessel, using an
inside turning tool, in order to ensure that over this
distance the walle of the hole form a perfect cylinder.
Into these parte are fitted the gas tight plugs. Two swmall
plugs were made by turning down the §" diameter graphite rod,
which were a very tight push fit into the ends of the vessel.
The length of plug which fitted into the vessel was about 4/10",
Three holes were next drilled in the vessel - the two
effusion holes, and a hole 1/46" in diameter which passed
through the centre of the vessel at right angles to the
principal axis through which was to pass a quartz suspension
rode The holes were drilled using a simple Jjig. This
consisted of a piece of copper tube 1" long and internsal
diameter " with a 3/32" hole through its centre and two
4/16" holes in s direction at right angles to the centre
hole 4" from each end. These holes were drilled on a milling
machine using the dividing head to ensure that they were at
right angles to each other. The jig was mounted in a machine
vice on the table of a vertical power drill so that a 1/46"
drill could pass freely through the centre holes without
touching the Jjig. The vessel was then placed in the jig and
the drill again passed through the centre holes of the jig,
drilling a hole exactly through the centre of the vessel,
Keeping the vessel in the Jig with the 4/16" drill stuck
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through the centre hole to locate the vessel in the jig,
the effusion holes were drilleds The jig was clamped in the
machine vice for convenience and the effusion holes were
drilled on opposite sides of the vessel through the 41/16"
holes in the jig using a 1/64" drill clamped in a pin vice.
The pin vice was held vertical by one finger resting on 1its
end, while it was turned gently with the fingers of the other
hand. This hole was then enlarged with a No.73 drill to
give a hole about O.6mm in diameter, using very light
pressure on the pin vice to avoid breaking away the botton
of the hole when the drill went through. The area round the
hole was then carefully filed away until the thickness of
the hole was less than its diameter. The centre hole was
elongated into a small slot at one end; a plece of silica
rod 1/16" in diameter with a hook at one end was passed
through the centre hole with the hook away from the slot.
The end of the silica rod was heated until it was molten
and then squeezed by a palr of pliers to form a thickish
dise on the end of the rod which fitted into the slot at the
end of the centre hole and prevented the vessel rotating
about the silica rod.

Precautions were taken at every stage to avoid contame
ination by ferrous 7material. The lathe, lathe tools and

drills were carefully cleaned before use and the pieces of

graphite rod were wrapped in tin foil before being clamped

in the chuck.
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Due to snags which will be described later graphite
was not found to be satisfactory as a cell material and a
copper effusion vessel was made from a piece of $" diameter
copper tubing which was drilled out to make the walls thinner
except at one end which was left at the original thickness
for a distance of 2mm, Plugs were made for each end. One
was permanent, the other, at the end with the thick walls
was removeable for loading the vessel. The vessel was not
satisfactory since at the temperatures of the experiment
(900°C) the plugs were welded to the tube and were difficult
to remove. Also the empty vessel gave off vapour which was
probably carbon monoxide since the copper used was of
industrial quality, not electrolytic. Copper effusion
vessels should be useful at lower temperatures if they are
made of electrolytic material.

Another vessel was made by boring two holes in a plece
of recrystallised aluminia thermocouple sheath., The sheath
was cut using a diamond saw and the wall thickness was
reduced where the effusion holes were to be also using a
diamond saw. One hole was drilled using a sharpened tungsten
point mounted in an electric drill with carborundum powdier
and water applied to the drill point. The other was drilled
by discharging a large bank of high voltage accumulators
used for a Lyman source between two electrodes placed either

side of the tube wall. The ends of the cell were blocked by
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aluminia cement. This was not satisfactory because of the
low grade of cement used, but given better cement, the
method should be satisfactory. Kxperiments showed that it
is possible to make ground joints in aluminia. The socket
was made by rotating the tapering part of a coarse rat-tail
file dipped in a paste of coarse carborundum powder and
water inside the end of the tube until it was sufficlently
large to allow the plug to be pushed in and grinding was
continued in the usual manner for glass and silica Jjoints.,
The plug was tapered slightly on the diamond wheel before
starting the grinding operations. It seemed to be possible
to make an alumina effusion vessel using the closed end of
a thermocouple sheath and a length of aluminia rod to form
the plug, but experinents had to be discontinued due to
shortage of materials.

Finally a platinum effusion vessel was made by Messrs,
Johnson Matthey. It is lem long and welghs 13.9gr and has

given satisfactory results.

The control and measurenent of temperature.

In order to obtain as far as possible uniforn temperature
along the axis of the furnace the tappings along its length
were shunted by rheostatsso that extra current could be fed
to the ends of the furnace which‘would normally be colder

than the centre. In order to test the temperature distribution,
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a silica tube, 5mm external diameter closed at the bottom
was waxed into the position normally occupied by the fibre
section of the envelope. The tube extended nearly to the
bottom of the silica pot and the temperature at any point

in the tube could be inveatigated by a chromel-alumel thermo-
couple threaded through twin bore silica which could slide
up and down inside the tube, The temperature distribution
was investigated at intervals of 2500 from &OOOC to 850°C.
At each temperature, the rheostats were varied to get the
most constant temperature within the constant temperature
enclosure. The greatest temperature gradlent during vapour
pressure measurements was 0,3°C per cm. Preliminary investi-
gations of the temperature distribution without the radiation
shields forming the constant temperature enclosure were
carried out in order to decide the best position for these.

The current through the furnace and its shunts is

controlled by a variac rated at 8 amps. A current of

6.5 amps was needed to maintain a temperature of 890°C. A
system of switches enables one to find the current in any
shunt or the total current through furnace and shunts using
one ammeter. It was found possible to hold the temperature
steady for long periods by manual control.

Daane (1950) during his work on the vapour pressures

of silver and copper found that the ealidbration of the
platinum=-13% platinum-rhodium thermocouple is very liable to
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be upset by contamination. iHe found that such a thermocouple
even though protected by both aluminia and metal sheaths
changed its calibration by 130°C after only a few hours
working. He found that the chromel p-alumel thermocouple
changed by only 4°C after over a week of continuous use.
Accordingly a chromel p-alumel thermocouple was used in the
present work. This type of thermocouple has the further
advantage of a high rate of change of e.,m.f., with temperature
compared with the rare metal thermocouple.

Three tnermocouples are used in the apparatus. The
main thermocouple is sheathed with an aluminia sheath which
has slots cut in the sides 80 that it is supported in slots
cut in the radiation shields. The thermocouple ie threaded
through twin bore silica which reaches to the level of the
water cooled flange. Thereafter until the waxed Jjoint by
which the wires leave the spparatus they are insulated by
small ceramic beads. The other two thermocouples are
unsheathed and are positioned one at each end of the constant
temperature enclosure in order to check on the temperature
distribution. Vhere the thermocouple leads bend over before
entering the side arm by which they lenve the apparatus, a
copper cylinder mounted on the water cooled flange prevents
then from touching the suspension,

The cold Junctions were kept at 0°C in ice and water.

They consisted for each thermocouple of a chromel-copper



29

junction and a p~alumel-copper Junction so that copper leads
to the potentiometer could be used without having any netale
metal boundaries in the thermocouple circuits at variable
temperatures. The e.m.f's of the thermocouples were
measured by a Tinsley potentiometer which was sensitive to
«01mv which 1s equivalent to 0.2500. The main thermocouple
was calibrated at the freezing points of silver, aluminium
and gince All the samples, of the highest purity, were
contained in graphite crucibles with graphite lids through
the centre holes of which passed recrystallised aluminia
sheaths. The crucibles were placed in a tubular electric
furnace mounted vertically and packed round with asbestos
wool.

Two thermocoﬁples were calibrated. With the first,
the runs on the graphite cell were carried out, and with
the second, those ¢ ‘the platinum cells. The calibration

points are given below.

Keme T
Freezing point of o thermocouple 14 thermocouple 2
gilver 960.5°C 39.49 meu 39.47
Aluminium 660.0°C 27.42 m.u 27.445 meu
Zinc 419.5°C 17.31 m.u 1729

Roeser Dahl and Gowans (1935) have calibrated a
chromel~-p~alumel thermocouple over a wide range. Their
results for the silver and aluminium points were plotted on
a graph of e.m.f. against temperature and a straight line

drawn through them. The deviations of their other points
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from the atraight line were found at 10° intervals and
plotted to give a correction curve. The calibration points
for silver and aluminium in the present work were used to
find the equation of the straight line relating e.m.f. with
temperature and the correction curve from the results of
Roeser Dahl and Gowans was used to find the correct temper-
ature for any reading of e.m.f. The procedure was repeated
for the aluminium and zinc calibration points.

The straight line equations found were as follows.

The correctinn curves are given in Pigures 7 and 8,

Thermocouple 1: 420-660°c, T°C=23.788 By + 773
660-960°C, T°C=24.888 Ly, - 22.33

Thermocouple 2: 420-660°C, T°C=23.671 Ey, + 10.23
660-960°C, T°C=25,000 B ~ 26.25

ng of osc on

It was considered desirable to be able to damp out
oscillations of the suspension, sinee the internal friction
of quartz is very low and in a high vacuum, oscillations
can continue g}moet indef'initely. Experiments were carried
out by wrapping pieces of thin foil of various metals round
a small cylinder of perspex mounted on the suspension rod
just above the level of the top of the Dewar blank. A
powerful electro magnet was placed with its poles either
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eide of the tube leading to the hemispherical grind so that
the metal cylinder turned in its field and eddy currents 4in
the metal produced damping. Difficulty was experienced in
finding metals sufficiently free from ferro megnetic impuri-
ties to prevent a deflection when the magnet was switched on.
Silver was eventually used, It was found 1n practice,
however, that although the damping was effective, the zero
position of the system was very far from reproducible and
eventuslly the cause was found to be electrostatic charges
on the metal oylinder, so this method had to be abandoned.
During checking of the suspension for magnetic impurities,
it was discovered that the mirrors were strongly magnetic
and reacted to a horse shoe magnetyheld outside the envelope.
This provided & method of damping which was effectively used.
Experiments were carried out to discover if the earth's
magnetic field or that due to the furnace exertis an appreci-

able force on the mirrors, but no such effects were found.

z‘lwgzzmggzg; procedure,

"he vessel was first loaded with the substance under
test. A small glass funnel was used with the quartz and
platinun vessels. For dellquescent substances being tested
in the platinum vessel, the vessel was heated in a gas flame
before being placed in the apparatus. The vessel was hung
from the hook of the silica suspension rod, the radiation

shielde were put in place, the silica pot was raised to the
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water cooled flange and secured in place by a metal clip,
and the rotary pump was switched on. The furnace was raised
to the operating position and the gap between the furnace
tube and the silica pot was filled with asbestos wool., When
the pressure had fallen to the lowest value attainable by
the rotary pump, the diffusion pump was switched on. Hean=
while the oscillations of the suspension were damped out
using the magnet. When the diffusion pump was working
properly leaks were tested for by turning off the tap to the
rotary pump and allowing the diffusion pump to pump into the
emall volume formed by the tubes of the high pressure side
of the asystem. If after ten minutes there was no trace of
nitrogen in the discharge excited by a Tesla coll in the
high pressure side of the system, and no increase in the
pressure on the low pressure side recorded by the thermo-
couple gauge, the tap to the rotary pump was reopened and
out gassing was begun. This consisted of raising the temper-
ature to a value higher than that which would occur during

a run. This procedure drives off adsorbed gases both in
the sample and on the rough walls of the silica pot. In
practice the apparatus was heated until the suspension had
made one complete revolution which was about 25°C higher
than the highest temperature measured during a run. It was
held at this temperature for about half an hour and then the

current was switched off and the apparatus allowéd to cool.,
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The following day, the zero position of the suspension
was recorded. The suspension swung over a small arc of
about 0.05 - 0.1 radians and the extreme positions of the
spot of light were noteds The furnace was switched on and
the rheostats adjusted to give the best temperature distrie
bution for the highest temperature expected during the run.
The spot of 1light moved off the scale when the temperature
had risen sufficlently; the current was then cut down from
the maximum and the heating was carefully controlled until
the spot of light reflected from the other mirror reappeared
on the zero end of the scale and eventually moved off the
other ende This condition, with the spot Just off the scale
was maintained for at leacet 4% hours in order to allow the
temperature distribution to settle down. The current was
then reduced slightly so that the temperature began to fall
very slowly at a rate not exceeding 1°C in six minutes. The
oscillations of the system were damped out by use of the
magnet, if necessary, and when the spot of light reappeared
on the scale, readings were taken st the extremities of the
swing. At the same time, the temperatures shown by the
three thermocouples, the time, and the residual pressure
shown by the ionisation gauge were recorded. Readings were
taken at intervals of about 2.5°C until the spot moved off

the scale. These readings taken when the suspension has

turned throtigh half a revolution and the spot of light is
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reflected by the mirror other than that which reflects the
spot during the zero readings, will be termed "high points.”
The current was then slightly reduced and it was
necessary to wait until the spot of light reappeared on the
scale when the above procedure was repeated exactly except
that readings were taken less frequently, until the deflection

was about 20 cm frowm the zeroce.

limin eriments

A large number of runs were carried out before satis-
factory results were obtained. In ordeg to prevent a repeti-
tion by future workers of these mistakes, a short account
of them will be given.

Initially, the supporting rods within the furnace were
of high temperature stainlees‘steel. It was found impossible
to obtain a good vacuum with these since carbon monoxide
continued to be given off in large quantities even after
prolonged heating in vacuum. Furthermore, a black deposit
of a compound of iron (probably ferrous oxide which is quite
volatile) accumulated on the cooler parts of the apparatus.
The graphite effusion vessel became strongly magnetic
presumably by reduction of ferrous oxide on its surface and
was acted upon by the magnetic field in the furnace. Staine

less steel is also unsatisfactory since manganese can distil

out of 1it.
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T+ was then decided to try to dispense with the lover
radiation shields altogether and to retaln only the shileld
level with the top of the furnuce. 0Good vacua were obtained
and the graphite vessel remained free from megnetic
impurities, but 1t was found to be impossible to obtain
consistent results., Both the sbsolute pressure recorded at
a given temperature and the slope of the log (deflection)
egainst /7 plots varied considerably from run to run,

The stainless steel rods were then replaced by nickel,
with o cylindricel nickel radiation shield and the molybdenum
radiation shielde forming the conetant temperature enclosure.
Good vacua were obtained, but sfter a time the vessel again
became contaminated by magnetic impurities.

Finally, copper rods were used with & cylindrical copper
radiation shield and the molybdenum shields to form the
constant temperature enclosure., After some heating good
vacua were obtained. The volatility of copper is greater
than of nickel and all objects within the constant temperature
enclosure became copper plated. However, according to Daane
(1950) the vapour presesurg of copper at the highest tempersa-
tures used is only 4 x 10‘6mm. The vessel remained free
from magnetic contaminants,

The graphite cell, despite promising results on potassium
chloride did not in the end give satisfactory results., The
greatest difficulty was the non-reproducibility of the zero
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positicn of the suspended system, hereafter referred to as
“the zerc.” Only for potassium chloride, for whick a high
point was alsc taken, were the reesultes reproducible and this
must be considerecd fortuitous. For sodium flucride in
particular, for one set of runs it was found impossible to
ocbtain the zero when the apparatus was cold., Instead of
returning tc the zero position, 1t was frequently foundé that
the suspended systenm was showing a negative deflection of
from 4C to 60 ecms, This was noticeable to a lesser degree
for the more volatile substances, though usually by the
following morning the system had returned to approximately
the correct zero. 1In the end, for sodium fluoride, it was
found necessary never to allow the furnace to cool down
below about 500°C at which tempersture sodium fluoride has

a negligible vapour pressure. The zeros for these runs

were reproducible and the runs thenselves were in good agreee
ment. For caesium fluoride it was not found possible to
obtain even plausidble results. High points were taken, but
these lay considerably off the line through the low temperature
points.

All the plots of log D against 1/T obtained with the
graphite vessel showed a slight curvature the gradient being
steeper towards lower temperatures. This curvature was very
marked for lithium and caesium fluorides. A detalled

explanation for the unsatisfactory behaviour of graphite as
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a cell material 1s not offered, but it is suggested that it
is due to the adsorbtive properties of the material,
especially when uncer the conditions of the experiment it
has become 'active', The low values for the heats of
sublimation of the substances tested with the graphite cell
suggest that adsorbed gases are still being given off in
minute quantities a2t the low temperature end of ‘he run,

but nevertheless in sufficient quantities to form an appre-
ciable fraction of the total gas pressure inside the cell
and so lower the observed value of the heat of sublimation.
If this were the case one would have expected the Log D
againstllT graphs to be curved in the opposite direction,
The zero was found to be quite strongly dependent upon the
residual pressure, and it was noticed that a slight leak in
the apparatus, even though the residual pressure might still
be of the order of 2 or 3 x lo'hﬁm was immediately
reflected in the behaviour of the graphite cell. Deflections,
in this case, became noticeably larger for points at the low
temperature erd of the run and smaller for points at the
higher temperature end. The negative deflections observed
when the apparatus was cold after the sodium fluoride runs
suggest that the graphite was reacsorbing gas throug: the
effusion holes, However, the measured rc¢sidual pressure was
often of the order of 5 x 10 0nn which would produce only a

minute deflection, When the apparatus was allowed to cool
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down after it had been kept above 500°C for four days and
nights, a very large negative deflection occurred.

In view of these sctbacks, and tie unpromising results
obtained with copper and aluminia effusion cells, 11 was
decided to obtain a platinum cell., Lack of reproducibtility
of the zero was found also to be dug to elestirostatic
charges being built up on the veéael. This trouble was
cured by placing a small radio asctive source, forued by
irradiaticn of the pock during the "sZwu" atomic explosion,
on the lowest radiation shield directly under the effusion

vessel,



4)

THERMODYNAMIC RELATION3 AND TREATMENT
OF OBSERVATIONS

It will be convenient here to outline the thermodynanmic
relations used in this work.

There are two approaches by which the heat of sublimation
may be calculated. |
1) Second low treatment.

The heat of sublimation.or vapourisation (AH) at a
temperature 79K 18 given by the Clausius-Clapeyron equation

aT 2435025 RTZ
which an integration gives
log p - _~ O8H + '
573055 AT ' T (2)

p is the pressure of vapour in equilibrium with the
condensed phase and I is an integration constant.

The heat of sublimhtion or vaporisation at the temper-
ature T is therefore obtainable from the tangent to the
graph of log p ageinst /7. In order to f£ind the value of
the heat of sublimation at room temperature from a series of
experimental points, the method of Kelley (1935) was used.

Ir the difference between the specific heats of the gas

and condensed phase is glven by

Ao = Aa + AW - AeT™2 (3)
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integration gives the heat of sublimation or vapourisation
at temperature 7T

~ AHp =AHI° + AaT +__L_\_u~3 + AoT™d (4)
where "AH; is an integration cénstant.

If this value for AH is substituted in equation (1)
integration givee‘ .

-RInp*A“a In T + & z_\b:i.'--éAcﬂ""‘2 =Aué/T...I (5)
the left hand side of this equation is denoted by the symbol Y

The value of Z wag found for each experimental point and
the slope of the graph of £ against '/T was found by the
method of least squares. The value of I was found for each
point and bad points were rejected. The new value of the
slope was found and the constant AH:, calculated. The
standard deviation and 95 confidence limit were found for
each run. The best values of AH'O and I for each substance
were found by weighting the values obtained from the various
gets of observations according to the inverse squares of
their standard deviations.

The differences of the several values from the welghted
nean were used to find the standard deviation of the mean
and thence the 95 confidence limits of the mean.

For data on the solid, the heat of sublimation at room
temperature was found by substituting the value 298.16°K for
T and the weighted mean value of AH, in equation (4).

For data on the liquid, the heat of vapourisation at the
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melting point was found first by substituting the value of
the melting point in equation (4); adding to it the heat of
fusion gave the heat of sublimation at the melting point.
Using this value in equation (L) and the values ‘of Aa, AD
and Ac for the solid-gas equilidrium, AH:, for the subli-
mation of the solid wae found, and hence the heat of sublima-

tion at 298%K as above.

2) Third law treatment.
For the equilibrium

Condensed phase — gas
the free energy change must be zZero.
At constant temperature and pressure,
AG= AH-TAS =0 | (6)

| H=TAS (7)
where AH is the difference between the heat contents of the
gas and the condensed phase, and A S is the difference in
their entropies. If therefore wc have sufficient data to
calculate the entropies of gas and condensed phase at the
temperature T we can calculate the heat of sublimation or
vapourisation at this temperature, and from a knowledge of
the specific heats of the two phases correct the heat of
sublimation to room temperature using the procedure outlined
in the second law treatment above.

Expanding equation (7) we have



" T T
Ag Hygg * I p(g)dT - S B{e 0)%F - 4H, J:p(1>dT
“m

Tn

(8)

= T[s(g)T = 5(0)298 "Jép(c)/TdT "gx ”Jep(l)/TdtJ
{ 298 m ‘Tnp

for the liquid-gas equilibrium, The suffixes c, 1, g refer
to erystal, liquid and gas respectively; AH, is the heat
of fusion, T, the melting point andl&ﬂzga the heat of
sublimation ot room temperature,

For tge solid~ga§ equilidbrium, equation (7) ygcomes
m

Asﬂaé*J ,d'r-jc ﬂT=T{S “S(.y.qn = C d’.l'}(9)
9 gggz ple) (07" ede98 ™ Tpge)/r

For a diatomic gas, tha entropy is given by the equation
Sp = 3 RlaM+ 7 RlnT= RlaRgy + Rinl - Rino ¢ svib+ 8%+ 175,355

where M is the molecular weight, I the wmonent of inertia,

8v ib the vibrational entropy, sﬁ; the entropy due to electronic

transitions and d’the symmetry number (Sa and Rln o are gero
for the alkali halides),
The specific heat of a diatomic gas is given by

Cotg)r = /2R * Cyiyip)

vhere cp(vib) is the vibrational contribution to the spec¢ific
heat at temperature T. A plot of cp(vib) against “/Tz is
approximately a straight line so that the total specifie heat

can be expressed by an equation of the form

-2
Cp(g) =3 =~ T
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In order to be able to use the third law treatment to
find the heat cof sublimation at room temperature from a value
of the vapour pressure over the liquid, we must have an
accurate value of the entropy of the crystal at 298.16 K, we
must know the specific heat equations of the solid and liquid,
and the heat of fusion. Furthermore, we must know the
vibration frequency of the gaseous molecule (for a diatomic
gas) in order to calculate the vibrational contributions to
the entropy and specific heat, and its internuclear distance
in order to calculate the moment of inertia. If we are
using the wvapour pressure over the solid we obvicusly do not
need the heat of fusion or the specific heat of the liquid.

The great strength of the third law treatment lies in
ite insensitivity to the value of the absolute pressure. If
the pressure is in error by a factor of 2 at 10003K the error
in A gH pggwould be only 1 k.cals

The second law treatment is very useful where there 1s
insufficient data to be able to use the third law treatment.

The values of log p in the gaseous entropy terms of
equations (8) and (9) were calculated from the values of ¥
obtained at three temperatures, one at each end and one in
the middle of the temperature range of the experiment, using
the weighted mean values of AH/ and I (equation (5)).

Vapour pressure equations were calculated from these points.
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CALIBRATION

The calibration subetance chosen was potassium chloride
since extensive data exist in the literature for the vapour
pressures over both solid and liquid. The heat capacities
of solld and liquid, the entropy of the crystal at room
temperature, the heat of fusion and the vibrational frequency
of the diatomic molecule are all well known so that it is
possible to obtain accurate values of the heat of sublimation
by both second and third law treatments. The data used in

these calculstions are given below

C.. erystal = 9.89 + 5.20x10~3T + 0.77x1O5T'2 cal/degC/mole

P (Reference Kelley %29&9)).

C, gas = 8.9 = 2-23x10u7"z (cal/degC/mole)

Cp liquid = 16.00 (cal/degC/mole) (Kelley(1349))

Heat of fusion = 6,100 calsg/mole Kelley (1949)

¢
Internuclear distance = 2.66661:10"161\ Honig Mandel Stitch &
Townes (1954)

-q 1
Vibration frequency = 281cm Dice & Klemperer (1957)

gtandard entropy of the gas at 1mm press = 16,0148 log , T +

Entropy of orystal at 298.16°K = 19,68 e.u. Strelkov (1954)
Using these data, the vapour pressure measurements from

the literature were recalculated by the method outlined above

in order to obtain values of the heat of sublimation by the
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second and third law treatments. The results of these
calculations are presented in Tables I and IIX.

It wae originally intended to follow the procedure of
Barrow et al (1955) with zinc and Smith (1956) with cadmium
which were used as calibration substances for the low
temperature vapour pressure apparatus, and use the best third
law value of the heat of sublimation to caleculate the vapour
pressure at the experimental temperatures and so calibrate
the apparatus directly. It may be seen however, in Table I
that in nearly all cases, the heat of sublimastion frowm the
third law treatment is smaller than that from the second law,
The calibration runs carried out on this apparatus showed
this trend alas. As will be shown in a later section of this
thesis, this trend may be explained by assuming the presence
of dimergs in the vapour. It was decided therefore to
calibrate the gbaphite veesel using the absolute calibration
constant calculated from the geometry of the vessel and the
torsional constant of the quartz fibre.

The force on unit area of a surface due to bombardment
by gas molecules is equal to the change in momentum in unit
time of the molecules striking it. 8ince the molecules make
elastic‘collieione at the surface, the force per unit area
(in fact the pressure of the gas) is equal to twice the
momentum of the gas molecules striking it in unit time. If

the molecules leave the vessel through a hole of unit ares,
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4433298 kcal/mole

Reforence n  temp X seaond lew third lew
Deitz 11 847-936 53.96 + .99 D31
Kayer and Wintner 5 899-935 57.58 + 4.99  52.7
Niwa 11 853-955 62 + 0,54 £2.8

Zimm ond Veyor 21 524-945  52.99 + 0.54 527

Treadwell and Wernher 13 859-1024 53.94 + 0.12 52.8
Jradley end Volans 27 1712-870 54,06 + 0.50 52.8
Milles and Zusch 10 872-667 53.65 + 1,7¢ £1.9
Present work (quartz cell) 816-893 53,50 + 0.82 52,7

TABLE II
XC1 1liquid
A long koal/mole

Teleorence n tempOK second iaw third law
Wartenburg & Albrecht 15 1390-1585 Bl.62 + 1.42 3.1
™ok tnd Todebush g 1179-1378 52.508 * C.42 53.C
Iackocn ond Moigan 3 1074-1317 42.21 # 0.%2 52.5
Tangro nd Vieking T 1133-1263 43.34 +15.04 1.6
Horiba and Daba 10 973-1524 45.36 + 1.31 51.5
nufs and Mugdan 7 1393-1688 55.23 + 1.47 53.2
Barton and Bloom 11 128C-1%40 2.7 + 0.4 5205
Eordes and lacz 1 1684 52.8
Dergetrom 1 1773 ©4.8

Greiner nd Jellinek 1 1180 50.2
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the force exerted on the vessel will be equal to the momentum
of the molecules passing through the hole in unit time i.e,
to half the pressure.

The couple exerted on the vessel due to effusion of gas
at a pressure p through holes of areas ay and a5 at distances
11 and } 2f':'om the axis of rotation ie balanced at equilj.brium
by the couple exerted by the twisted quartz fibre

2 p(ag 1y £ ¢ a5 1, £f,) =¢8

where ﬁ_'fé are factors related to the ratio (depth of hole/
radius of hole) c¢ is the torsional constant of the quartz fibre.
@ is the angle through which the fibre is twisted.

The areas of the holes were found micro-photographically.
A photograph of each hole was taken using a microscope with a
2/3" objective and a projection eyepiece. The image of a
grating in the eyeplece was superimposed on the image of the
hole. The area of one square of the grating was found by
taking a aeparatelphotograph of a standard millimeter divided
into hundredths. The hole was strongly illuminated by light
from a microscope lamp reflected by a piece of white paper
placed in the end of the vessel. The photographs of the holes
were enlarged and thelr areas measured with a planimeter.
Pigures 9 and 10 are contact prints of the photographs of
the holes.

The thickness of each hole was found using a microescope.
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The microscope was focussed first on the top and then on the
bottom of the hole using the fine focus adjustment. The
number of revolutions of the fine focus knob between these
two positions was found from a paper scale attached to the
knocbe The fine focus adjustment was calibrated by focussing
the microscope on first the top and then the bottom surface
of a microscope slide using the fine focus adjustment. The
thickness of the microscope slide was found using a micrometer.
Since the effusion holes and the hole for the suspengion
rod had been accurately drilled to lie in planes at right
angles to each other with the hole for the suspension rod
through the centre of the vessel 1t was assumed that the
major axis of the vessel, when suspended, would be horizontal,
and accordingly it was necessary only to measure the distance
of each hole from the suspension rod. This was carried out
in the lathe. A sharp pointer was clamped in the micrometer
tool rest of the lathe; the vessel was clamped in the chuck
of the head stock; the tool rest carriage was clamped to the
bed of the lathe so that only by moving the micrometer slide
could the pointer be moved. The micrometer was adjusted
until the pointer lay Jjust over the effusion hole, the chuck
was turned through a right angle and the micrometer adjusted
until the pointer lay over the centre of the suspension rod.
The difference between the two micrometer readings gave the

distance of the hole from the axis of rotation. It was found



52

possible to obtain distances reproducible to & .002." (The
author is indebted to Mr. F, March for suggesting the method).

The factor f is analagous to the Clausing factor used to
correct for the thickness of the hole in weight loss effusion
experinents. The reaction on a vessel due to effusion of gas
through a channel hole has been investigated by Freeman (1954)
who tabulates values of £ for various ratios of thickness to
radius of hole. His results are plotted in Figure 11 and
were used to obtain values of £ in determining the absolute
calibration constant of the graphitelveesel.

The torsional constant (c) of the fibre was found by
suspending from it a small Dural bar whose moment of inertia
(I) was accurately known from its dimensions and measuring
the period of oscillation'(T). These quantities are related
by the foraula

]

R /A
T o/ C

The followihg is a summary of the measurements on graphite

vessel number 4 and fibre number 3.

Hole A Hole B
Area vw.2978 8Qe MM « 3014 sq.nm.
Thickness 0«12 mm 0.18 mm
Distance from axis 1.425 cm 1334 cm
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Moment of inertia of Dural bar 3.0282 gr.cu-.
Period of oscillation 82.4 secs. _,
Force constant of fibre 41,761 x 10 < dynes/radian.

The calibration constant was 3.709x10'3mm Hg/radian.
Since the angle moved through by the spot of light reflected
from the mirror on the suspension is double that moved
through by the suspension,6 the calibration constant is 1.855mm
Hg/radian of deflection of spot of light.

This value of the calibration constant wae corrected for
thermal expansion of the holes at the mid-~temperature of any
run, using the coefflcient of expansion given in the Handbook

of Chemistry and Physics. The change in hole area over the

range of a run is negligible.

scussi t c
whitman (1952) discussed the dimeneions of effusion
cells and gave the following conditions which must be
satisfied if the actual rate of effusion is to agree with
that calculated from Kinetic Theory:
4)  the molecules collide only with the walls of the vessel.
2) Reflection after such collisions is diffuse.

3) The molecules enter the effusion hole with the coeine
distribution of directions.

4) The molecules enter uniformly over the face of the
effusion hole.

Condition (1) requires that the dimensions of the
effusion cell shall be not more than one tenth of the mean

free path of the gas under the conditions of the experiment,
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Taking the collision diameter of potassium chloride as u.oﬁ,
the mean free path at 850°K and 10™“um is 11.1cm. The
diameter of the effusion hole and the dimensions of the
effusion cell should be less than 1.1cme This condition is
satisfied for the graphite cell for this temperature and
pressure. At 3x10~°mm, (the highest pressure measured), and
a temperature of 95dDK. the mean free path is only 1.2cm.
Under these conditions, the diameter of the hole is still
less than one tenth of the mean free path, so that there
will be few molecular collisions within the hole; but the
dimensions of the cell are now of the order of the mean free
pathe Thise is considered to be not as imporiant as the
condition that the diameter of the effusion hole should be
small compered with the mean free path. 8earcy and Freeman
(1954) used an effusion vessel of similar dimensions with
holes four times the diameter of those used here at a
pressure of 6x10'2mm without apparently increasing the
scatter in their results.

It seems probable that condition (2) will be fairly well
satisfied for the rather rough grephite walls of the cell,
Conditions (3) and (L) will be fairly well satisfied since the
diameter of the effusion hole is less than one tenth that of
the cell. In any case, Whitman considers that errors due to
these conditions not being satisfied will be small.

The gas pressure in the space surrounding the effusion
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vessel must be less than the permissible error in measuring
the absolute vapour pressure. In the present work the
lowest pressures measured were about ux10-&mm. The residual
pressure in the apparatus was often less than 5x10“6 for
these pressure readings, so that the absolute error in the
measurements due to this cause should not be greater than
one or two per cent. _

It is important that the effusion hole should be small,
for reasons apart from those associated with the mean free
path.

It is necessary to aessume that loss of moleculee from the
vessel will not disturb the equilibrium between the vapour
and the condensed phase. Spelser and Johnston have examined
this assumption with respect to the hole size and the

vapourisation coefficient from the condensed phase. They

showed that

P =P ( ov )
obs true  Bf * ol

where o = vapourisation coefficient (i.e. the ratio of the
number of molecules vapourising from a surface to the theo-
retical number calculated from kinetic theory)

a = area of hole

8 = effective area of condensed phase.
It is important therefore that the ratio 8/s should be small,

This condition has been achieved in the present apparatus.
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Littlewood and Rideal (1956) have shown that low values
of the vapourisation coefficient can be caused by surface
cooling of the condensed phase. In the case of good
conductors such as metals, the heat of sublimation is rapidly
conducted to the surface so that the surface remains very
close to the temperature of the surroundings. For poor
conductors the surface cooling is much greater and the
apparent vapourisation coefficient is too small. The
apparent vapourisation coefficient falls as the rate of
evaporation increases. By using small holes and a sensitive
fibre, the surface cooling is kept to a minimun, Searcy and
Freeman (1954) used a torsion-effusion method of measuring
the vapour pressure of tin. They used holes 2.Lmm in
diaﬁeter and their highest pressure was 6x10~2 so that the
rate of evaporation must have been large. However, since
tin 18 a good conductor no error was apparently introduced
by these high evaporation rates, The alkali halides being

poor conductors, it was essential to keep the evaporation

rate low.

i i g8 _on potas hloride
In Tables III to XI are given the results of the runs
on samples of ‘'Analar' potassium chloride. Three vessels
were used: quartz, graphite and platinum which are denoted

by the letters Q, G and Pt in the run number. The column
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headings are as follows,
Log D = log deflection of spot of light from zero
positions in centimetres.

TOx = absolute temperature
203/7

)2
see page A2

I

The second law value of the heat of sublimation at 298°K
and the 95% confidence limits for the run are given at the
foot of each table.

The results are collected in Table XI1I where the weighted
mean values of the heat of sublimation by the second law
treatment are compared with the mean value from the third law

treatment, for each vessel used,

For the graphite vessel
Log p = Log D, =L.74L0
For the pl?%inum vessel
Log P = Log Deg -le 421
In Figure 12 the results obtained are plotted on a graph
with those of other authors. As can be seen, the results are

in satisfactory agreement,
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A
9

TABLE 111
gun S=-20 (iii) KCJl
Loeg D Te __9;’_ Z I
A
242390 892.1 1.,1210 441700 17,4150
2e2317 831,8 1.1213 441624 1794109
21951 88902 1.1246 401239 17.411‘
2.1614 887.1 1.1273 4,0885 17.4079
241471 88644 1.1282 4,0737 17.4038
241310 B84,47 11303 440562 17.4111
240892 881.8 161340 4e0124 1744110
2,0611 87949 1.1365 3.9827 174108
20484 87940 1.1377 349693 17.4116
2,0831 881.4 1.1346 44,0058 1744115
2.0611 87949 1,1365 349827 17.4108
240073 87641 1.1414 309259 17,4119
1.9689 87345 141448 3.8855 174117
1.9106 86945 1.1501 38242 174130
1,8751 866,9 1.1535 367722 17,4012
1.,8089 862.3 1.1597 3,7178 174200
127566 8595  1.1635  3.6623  17.4094
1.7202 8571 1,1667 346240 17.4089
1,6646 85343 1.1719 345655 17.4119
1.,6138 85042 1.1764 3e5124 17.4120
1.5763 8470 1,1798 344729 1724126
1.3997 83647 1,1952 342878 17,4095
1.3324 83241 1,2018 3.2168 1744165
11,2648 B828,6 1,2069 341465 17,4064
1.2355 B2Ce% 1,2101 301155 174132
142304 82642 142104 301102 174115
12227 82565 1.2114% 341020 174151
1.1847 833,7 1.2140 340625 174063
1.1072 819.3 1.2206 249816 174034
1.1139 81942 142207 249883 17.4113
1.1106 ; 818.9 102212 249847 17.4135

= 53,88 keal/mole

H,

gﬂ zggnﬁdance Limit

0.19 kcal/mole
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{ 24 KC1

Log D T J,%B_ )2 "

2.2276 891,.6 1,1216 4,1583 17.298
z.algh 890 .6 1.1228 k.l 2 17.2993
2.21h3 890,6 1.1228 17.2982

2,2415 892,.8 1,101 .173% 17.2955
2.%2 892,1 1.,1210 17.2970
2o 887.3 1.1270 .0987 17od970
21351 885,2 1.1297 h.06 17.d9€

2.127% 884 ,7 1,1303 .0526 17,2545
2,0748 88l,1  1.,1349 3.9 17.4931
.03h2 878.2 1.1386 5 17.2937
1.9689 873.6 1.1 ? 17. 796d
1.867% 866.6 1.1539 3 17,2971
1.8162 86341 1.15 6 3.7a 7 17 .2982
g B g s iy
1.4082 83649 1,1949 3.2963 17.2950

g Bl oo g bR
1.2553 827.2  1.2089 ‘1385  17.5980

O Hogg = 53.43 keal/mole
95% Confidence Limit = 0.12 kcal/mole



IABLE YV
BUN 3 20 ¥y KCl
Log D T Jo3 5 I
T
2.2479 893.5  1.1191  4,1795  17.2454
2,2453 893.3  1.119%  4,1773 17.a1 67
2,2410 89343 1,1104 «1730  17.242h
2.1962 889,9 1.1237 1255  17.2u51
¢.1562 887.1 1.1273 h.oaaa 17.4hfo
2,1380 885.9 1.1288 .06 2  17.243%
2 1313 885 1 1294 4,0571  17.2433
2 882.9 1.1326  4,0z219 17,2455
¢.o 58 879.5 1 1 70 3.9701  17.2450
1.9952 875.9 1, M-»g 3,9137 17.2435
1.9609 873, 1.1 3.8775  17.2435
1 8797 86&. 1 1523  3.7919 17.2&55
0833 86 o7 01565 Je742) 1742 55
1.7% Z 862, l.1 97 347066 17.2’466
1.769 860 . 1.162 3.6759 17.a
1 06991 222.8 1,172 3.3557 17, a
15933 9.0 1.1gg9 009 17,243
1.4829 841,7 343749  17.2
1.u 46 838.1 1.1932 3.3237 17, 2#58
1.3802 83540 1.1976 342669 17.ah9
1.3692 834,.8 1. 1979 3.2556 17.24
1.3345 83246 1,2011 3e 93 17. auaé
1.3243 8324 1.2013 3.2090 17.2.&83
1.3181 831.2 1.,2031 3.2017 17.2
l. 27 829,2 1.20 301610 17 e lirl)
A H = 53,24 kcal/mole

957 Confidence Limit =

0.2: keal/mole.

62



63

121

6T°1

Mol /0T

LT

‘T

ST'T

Fig. 1Ra

— A DPp ¢
04 & PP ¢

suny

P°T

8°1 1

a

L ]

Al QA
i

log D



IADLE VI
BUN. 3 4G (v) KCl
Log D T JQFE 5 In
2.18 871.1 1.1480 k.09 17.3506
2.1622 9.7  1.1498 u.o7g7 17.§ﬁao
2.,1216 866.6 1.1539 4,032 17.3518
2,0734 863.3  1.15 g 32 22 17.3520
1.9991 8?&.3 1.166 3,9031  17.366Y%
1.,9518 8 .g 1,1700  3,8539 17.3588
1.899 gz;. 1.1726 3.7999 17.335%
i.gga 81’5.3 %.% Z? g.gggg %;.gges
1.766 auaig 1.1865 346593 1723252
1.7093 839.5  1.1912  3.5995 17.3491
1,6730 836.9  1.1949 3.36&1 17,3531k
1.5999 832.1 1,2018 I.4843 17.3562
1.&2 827.6  1.,2083  3,4060 17.3529
1.547 g2k, 1.2129  3.3571 17.3571
14133 821.1  1.217%  3.2892 17.36%0
g mr ran i uum
11330 810.1  1.23L4h 330976 17.3458
A H = 52,64 kcal/mole
s 298

95% Confidence Limit = 0.58 keal/mole



;3L .

Log D T j%?i 5 I
2e180k 871.6 1.1473 u .10 6 17.14538
2.1467 868.3 1.1917 23 .hg38
2.130 867.1 1.15%% 17. 4620
2,078 863.3 1,15 .9877 17.h63g
2,0346 860, 1,1623 3.9& 17.h65
1.9717 556 o2 1.1680 3.87h9 17. g
1,9186 822.8 1.1726 3.8192 17.u63
1.7679 8k2,.8 1.1865% 3.6607 17.4670

. 2 838,3 1.1929 3.5839 17.4647
1.6415 833.0 1.1976 3.3? 17,4637
1.5922 831.9 1.2021 3.4765 17 .46 3
1.5353 828,.6 1.2069 3.4169 17.h606
1.3 817.0 22 3,2190 17.%617

= 53,06 kcal/mole
B gHagg
955 Confidence Limit = 0,46 keal/mole



Log D T ),g}_ 5 I*

2.1940 871. 1.1469 4.1093  17.3276
2 1 1k76 4,10 ﬁ 1743306
? .1303 86&.3 L 15 MQO"

86k.5  1.1567  4.,0007 17.3319

24,0492 861.6 1,1606 249966 17,3328

2.,0208 859.5 1.1635 31,9266 17,3
1.9618 855;2 1.169 3:36‘*3 173
8&%&& .17a 3.8139 17¢3399

‘ 5 3470

1.76%2 8b2 1 1871 3.65§3 17.3375
1.2016 838.6 1.192 3,591

1,655 835.Z 1.19 3,542k 173233
1.60 1.2013 3,911 17.336

1.9502 82849 1.20 3321 17.3361

1.5289 827.7 1.2082 3.4099 17,3347
U - BT R
1223»5 813:8 .228§ 3. 646

= 5& .56 kcal/mole
95%'6%%%1éance Limit = 0,36 kecal/mole
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ZABLE IX,
Rup JP (1) KCl,

Log D T L 10° I
2.8749 94249 4,8449 1.0606 175970
248747 94249 498447 1,0606 17,5968
2Q8469 9’0@0&8 4;81)2 100629 17.5950
248200 938.2 447863 330659 17,6021
2.8042 9370 447696 1,0672 17,6011
242797 90°Q1 4,2168 141110 1745749
202044 39“0? 441373 1.1177 1745760
241864 893, 4,1183 1.1196 17.5798
2.0878 886,1 440141 11285 17,5826
20554 85340 39794 1.1325 17.5960
20175 881.4 39402 1.1346 17,5821
1,9750 878,6 3.8955 1.1382 17.5806
1.9420 8926,C 34,8606 1.1416 17.5866
1.9009 873.1 38172 1,1453 17.5877
1.7218 860,8 3,6286 1.,1617 17,9963
1,6981 8592 3 6037 1,163 17.5979
1,6274 854,7 3:5295 1.1700 175970
15977 85245 3.498) 1,1730 17.6017
1;569’4 850. b 3;“681 1.1759 1706065

JA H
. 95% couffﬁgnca 1imit = 0,58 Kcal/melo,

= 54,84 Keal/mole,
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Bun JPt (13) KClg

Log D T T }%3_ ) G
248443 94143 4,8130 140624 17.4503
248457 94103 4,8144 1.0624 17,4517
2.8463 94145 4,8152 1,0624 17.4489
248263 93904 447936 1,0645 17.4558
242266 895,4 441601 1.1168 1744444
2.1912 893.,0 441229 1.1198 17,4429
241529 8904 4,0825 1,1231 17,4418
241059 887.3 44,0331 1.1270 17.4388
2,0622 884,2 349871 1.1310 1764404
1,9912 8793 39123 1.,1373 174405
1.9562 8769 3.8755 11404 178406
l «8745 871.% 3.7895 1.14%4% 17,4378
1.8215 86749 367339 1.1522 17,4393
1.7782 86446 3,6880 1.1566 17.4458
1.,6946 859¢4 346002 11636 17.4412
1.6191 85442 345208 1.1707 174463
1.5563 85044 3.4550 11759 174423
1.5132 84746 344098 1.1798 17.4435
1,45% 843,8 343530 1.1851 17,4498
1.4166 841,2 343082 1.1888 17,4490
1.3010 833,8 341869 1,1993 17.4526
142553 831.0 341389 1.2034 12,4534
1.2430 830,0 3.1258 142048 17.4569

- o — ——— AR

= 54.25 KQ“/‘OIOO

0¢25 Kecal/mole,

A gl298
95% oonﬂg?noe limit =



298
95% confidence limit =

S gt

z 53490 Keal/mole.
Ce49 Kecal/mole.

TABLE XI. .
Run 3Pt (4i1) KCl,
Log D 7 T 10° "
R m——-—-L——L L

249008 94543 448725 1,0579 17.3753
249058 945, 3 4,8775 1.,0579 17.3803
242702 898.4 4,2060 141131 17,3611
242175 89%4.9 Le1506 1.1374% 1743566
2,1784 89241 4,1094 1.1210 17.3579
2:1136 887,8 44,0414 1.1264 1743537
2,0398 88243 309632  1:.133A 17.3783
1,9699 8776 2.5897 1.139% 17,3569
1.8739 87142 3.,7886 1. X478 17,3538
1.8169 867.2 3.7287 1.1531 1743566
1.7796 86446 3.,6893 1. 1566 17,3586
1.7226 860,8 36296 1.1617 173591
1.6304 854,7 35325 1.170C 1743601

05956 8%2,0 3. 4965 1:173% 17.3678
1.4065 840,0 3,297 1. 1905 1743670
1. 3692 837.1 342576 1.1946 1743760
1,3222 83443 3.2084 1:1986 17. 3740
1,2742 831,3 341581 1. 2029 173745
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IABLE XIX

00 dits Yo . o e Sog - A~

POTASSIUM CHLOFIDT

Al kesl/mole
second law

temp” K

819-2392

829-893
827~-892

810-871
814-872
$314-872

BY0-942
$35-941

831-945

weighted mean of all runs

53,70
53. 43
53.24

53.50

g 1o 14

14

£E2.64
£3:.05
52.56

52.73

I+

4,83 4+ O,

54.25 +
53.30 +
54.26 +

53.63

4y 14 14

.9
0.1
0.22

0.82

log plom, = 10,435 ~ 21324/ 7

third law

52.7

il
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roduct

The boliling points of the liquid alkali fluorides have
been measured at a series of pressures by Ruff Schmidt and
Mugdan (1922) and v.W¥artenburg and Schulz (1921). Both
suspended a small bucket containing the salt from a sensitlve
spring -balance and observed the boiling point by the sudden
rapld change of weight.

Measuremente on the vapour pressure over the eolid
crystal are less numerous. Niwa has measured the vapour
pressure of solid sodium fluoride and potassium fluoride
using a weight-loss effusion method. There is an isolated
observation for sodium fluoride by Ryan and Twichell.
Recently Sense et al (1957) have used a transpiration method
for sedjum fluoride erystal and liguid. Miller and Kusch (1956)
in their molecular beam experiments have obtained values of
the vapour pressure sodium fluoride which are not very
accurate because of difficulties in estimating the slit area
at high temperatures. No data at all exist for the vapour
pressures of solid 1ithium fluoride, or rubidium fluoride

or caesium fluoride.

preparation of materials,

It is important that pure materiale should be used.
Commercial samples of sodiun fluoride and lithium fluoride

labelled "extra pure" were tried but were not found satisfactory.
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Lithiun fluoride of the highest purity is used for
windows in ultra violet spectroscopy. The sample of lithium
fluoride used was obtained by powdering a fragment of a
broken window.

The remaining alkali fluorides were prepared by adding a
very slight excess of Analar hydrofluoric acid to the alkali
carbonate in a platinum dish, evaporating to dryness and then
strongly heating the residue to decompose any bifluoride
which might be present. 8&imons (1950) states that caesium
bifluoride, the most stable bifluoride is completely die-
sociated to caesium fluoride and hydrogen fluoride at 500
600°c. Potassium, rubidium and caesium fluorides are

extremely deliquescent so were kept in a vacuum desiccator.

herm @ [ ata '
Table XIII below gives the thermochemical dats used in
calculating the heats of sublimation of the alkali fluorides.

Table XIIX

crystal o 0
O SRR x10-5Rer | AHecal T, K Ref. 8394 e.u.

NaF 9,66 ly. 5O - 2 7780 1265 2| 12,26 3
KF 11.02 3.1:—2Il o 2 6750 1130 2| 15.91 7
ROF  11.94% 2,37 - 4 észoo; 1048 8| 17.,% 9
CaF 11.3% 2.71% = L | (5700) 955 8l 19.1% 9

a, b and c are the constants in the specific heat equation

Ref.

c =& +0bl- eT2; AH, 1s the heat of fusion; T, 18 the

P

melting point and 8°

205 the standard entropy of the crystal,
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gas
- - (-]

.. Gp liquid Ref.| & 0©x10 4 wecjr'n' Ref| reA ., Ref
L1F 715.51 1 8.81 11.6 773 10 1.527, 12
NaF 16,00 2 | 8492 6,62 500% 14 | 1.8407 12
KP 16,00 2 | 8.88 L.42 (400 2,129% 12
ROF 216.0; | 8.93 L.42 389% 49 [ 2,24,6® 12
CsF (16.0 8.93 3.92 360 11 2,3L53 12
References,

4. Douglas and Dever (1954) 7.Westrum and Pitzer (1949)
2. Kelley (1349) 8.Brewer (1950)

3. King et al (1957) 9.Latimer 19513

Lo Kubachewski and Evans (1956)10.Rittner (1951

5, Clusius et al (1949) 11.Klemperer (1957)

6. Voskresenskaya (1956) 12. Honig et al (1954)

Notes:~- The quantities in brackets have been estimated by
the author; other estimated quantities are marked by an
asterisk. |

Douglas and Dever (1954) measured the specific heat of
lithium fluoride., Their results have been fitted to the
three constant equation using the method given by Kelley (1949).
The curve produced is shown in Pigure 13. As can be seen,
the linearity is excellent over most of the temperature range
though there 1s a slight curvature at each end. uestrum and
Pitzer have measured the heat capacity of potassium fluoride
very accurateiy\ Thelr results are in reasonable agreement
with those given in Kelley (1949), but since their maximum
temperature was 5000g Kelley's equation was used.

The heats of fusion of rubidium fluoride and caesiunm

fluoride quoted by Kelley (1936) were not considered very
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trustworthy. They were measured, using a two component
system, by Puschin and Baskow (1913), This wethod is known
to be prone to error since the activity coefficients of the
two salts are not known. Comparison of their values for the
other alkali fluorides with accepted values shows that all
their results are low. Kubachewski and ivans (1956) state
that the entropy of fusion for simllar types of substance
should be roughly the same. The entropy of fusion of the
other alkali fluorides is close to 6. ymole and this value
was used in estimating the heats of fusion of rubidium
fluoride and caesium fluoride.

The only directly measured vibration frequency of the
diatomic gaseous molecule is that for caesium fluoride,
measured by ¥lemperer (1957) from studies of the infra red
spectrum. He has determined the vibration frequencies for
other alkall halides and finds that for the halides ©Of any
one metal a plot of force constant against the ionisation
potential of thenhaglogen 18 & straight line. The extrapolation
to the fluoride in the case of caesium gives excellent
agreement with the experimental frequency. The extrapolation
has been used for the fluorides of sodium and rubidium. A
mean of the vibration frequencies for potassium fluoride
given by Barrow and Caunt (1953) Grabner and Hughes (1950)
and Klemperer's (1957) extrapolation was used. Klemperer's
extrapolation does not work for lithium fluoride, and :ittner's

(1951) value for the vibration frequency was used.
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X n 8

The experimental results are given in Tables XIV to
XXXVIII. The headings of the columns are the same as those
for the potassium chloride runs. The runs using the graphite
cell are given first. These are much less reliable than those
using the platinum vessel, and the following discussion
applies only to the runs obtained using the latter vessel.

In Tables XXXIX to XLIII the results are collected and
compared with those of other authors. The weighted mean
of the second law values obtained with each vessel and the
weighed mean third law values are also included,

The vepour pressure equation over the temperature range
of the experiment for the platinum vessel only is given at the
foot of each table. In Table XLIV the weighted mean second
law values of the heat of sublimation found using the
platinum vessel are tabulated with the mean third law values,

The following equations were used to convert the values
of log D (where D 1s the deflection of the spot of light
in centimetres) to log p(mm), allowance having been made for

'thermal expansion of the effusion holes.

Platinum veesel Graphite vessel
LiF log p(mm) = log D - L.424 log p(mm) = log D - 4.739
NaF log pimm)} = log D - L.424 log p(mm) = log D = L4.7L0
Kp log p{mm) = log D - L.L[23 log p(mm) = log D - 4,739
RbF log p{mm) = log D - L.421
CsF 1log plimm) = log D « L.420
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'Nom

Runs_ 3 4G X
3 4G x1
3 4G xii

LiF

*31J

¥




TARLE XIV.
fun 3 4G LiF.
Log D T Lo’ - z I
P
2e2433 1046,1 0. 9559 5.7180 1945150
26246 1046,1 369559 57207 1945177
2.1452 1038,2 249632 5.6136 19.5159
2,0615 103046 049703 He5242 1945290
240362 102841 2.9727 504968 19.5363
1.9795 1024,0 149766 54367 1565329
1.9112 1018,6 0e9817 5 o 3644 195338
1.,8432 1013,2 1, 9870 542917 19,5376
"~ 148351 1013, 049867 54 3026 10,5441
1,805% 101042 )¢ 9899 52516 145393
1.7767 1008.4 069917 5e2213 195350
1.7210 100442 149958 561623 19,5352
1.5159 989,47 1.7104 44 9456 19,5292
1,4099 982,48 1.0175 4,833%9 19,5200
1.2%5 v 9?3.7 v 1.02?0 40?113 190 5?3’4'2
l1.2122 969,1 « 11,0319 4,6241 19,5188
1.2068 968 ¢4 1,0326 46191 19,5231
1.1987 96749 1,0332 4,6105 19,5232

95, confidence limit =

AN 85298 = 65,14 Kcal/mole,

0.82 Kecal/mola.

19



run } L3 (Xii) LiF.

TABLE XV,

3

Log D T 107 s 1"
T
2.2251 1043,7 0,9581 546977 20,0841
20209 1041,9 09598 5¢6724 20,0843
21853 104046 049610 546559 2040859
241031 1033.8 0.9673 545682 20,0928
1.9652 1023.4 0.9771 54218 20,0935
1,9191 1020,2 069802 5¢ 3733 20,0916
1,8762 1016,5 0,9838 503276 20,0999
1.7701 1008,8 0s9913 i 542153 2041002
1.7259 1005,6 0s 9944 541636 201001
1,6830 100247 049973 5.1232 20,0982
143560 98143 1,0191 44,7737 20,0811
14 3096 978,2 1,0223 4,7298 20,0802
1.1303 96544 445339 20,0930

957 confidence limits =

A33298 = 67481 Keal/mole.

1,0358

0.88 Keal/umole,

80
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TABLE XVIo
dun_3 4G (xiii) LiF.

Log D ) 10° "
g 107 r I
22428 104643 049557 5:7175 20,0042
2.1864 1040,8 0.9608 546571 2060200
241504 103745 069639 56186 20,0279
1.7332 100567 049943 501759 2C4C336
1.7076 1004,0 0.9960 5¢1488 2040379
1,6693 1142 0. 9988 501081 20,0391
1,5011 989,83 1.0103 499306 20,0335
1,4983 990, 1 1,0100 44,9282 20,0266
1.,4564 98744 1,0128 4,8842 20,0245
1,4031 984,1 1,0162 4,8281 20,0192
1. 35044 980,42 1,0202 447652 20,0171
1.1847 969,43 1,0317 445976 20,0204
1.1239 96546 1,0356 445336 204147

= 67. SO Kaal/mclet

9% . confidence limit = 1,10 Kecal/mole,
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TABL: XVII.

Run 3 4G (xiv) LiF

Log D T 10° z I
242458 1045, 6 0,9564 547203 2043831
242052 1041,0 049606 5.6760 20,4032
2.1374 1036, 3 0.9650 Y e 6043 2042990
240095 1026,2 09745 504683 2044086
1,9552 1022,0 0.9785 544109 20,4125
1,9148 1020,1 0.9803 543789 20,4081
1.8954 101746 0.,9827 Se 3477 20,4137
1.9031 1018,1 0.9822 53555 2004139
1.8525 1014,7 09855 53024 20. 4114
1,7760 1009,2 009909 542213 2044131
1.6902 1003.2 069968 51306 20,4128
1.6304 9992 1.0008 5.0678 20,4113
1.5933 - 996,6 1.0.34 500286 2044120
1.4099 98447  1,0155 448354 204043
1, 3674 98243 1,0180 4,7910 204 3982
1.3324 9792 1,0212 47535 20,4098
1.2923 977.0 1.0235 447116 20,4032
1.2529 974e3 1,0264 4,670 20+ 4060
1.1903 920,8  1.0300 446045 204 3957
1.1644 969,40 140320 445771 204 3990

9% confidence limits

683298 = 69428 Kcal/mole,

= 0.7% Kecal/mole,
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Log D

2+2849
202711
2+227%
241790
201096
240245
1,9881
1,9217
1.8633
1,7686
1,7634
1.7101
1.6712
1.5717
1,522%4
1,4742
1.,3979
10,3385
12923
1,2355
1,1903
1.1271

108241
1081,6
107543
107448
1068,6
1060),6
105747
105147
1047,0
1039,0
1038,0
103445
1031,0

1024,3

102049
1017.4
101243
1007.9
100445
1001,1

997.4%

99247

It

TABLE XVII1I

v 1%3

I"
049241 39531 173416
049246 509390 17,3348
Qs 9274 3.8931 1703294
00 9304 348426 1743224
00,9358 3.7693 17.3273
09429 346791 174 3400
049454 3.6410 1743381
0,9508 305706 174 3460
049551 305093 17. 3470
09625 324095 1743544
09634 30,4037 17,3616
049667 343483 1743540
009699 343070 173591
09763 32032 17, 3480
009795 3.1518 173430
0.,9829 3:1014 1743418
00,9878 3,0218 17.5332
049922 209595 1743347
049955 2,9114% 174 3344
0,9989 2,8522 17,3244
1,0026 2.8047 1743306
1,0074 27384 17.3338

e

RS,

= 66,09 Keal/mole,
‘5&{‘
95~ confiden 32 t = 086 Kcal/mole,

84



TABLE XIX.
Run 3 4G XXVII NaF,
Log; D 7 107 5 I"
T
242648 1081,6 0¢ 9246 349327 15,2090
20229 1079.1 009267 3,8956 15,2020
22,1901 107641 09293 3.8544 15,1982
241652 10738 069313 3.8282 1542007
240945 1067.6 149367 347536 15,2036
2.0183 106046 > 0,9429 3.6729 15,2119
1.9112 1051.4 «9511 345599 15,2167
1.8820 1048,9 Ce9534 3.5292 15,2190
1.8299 1045,0 049569 3, 4746 15,2147
1.7657 1039,8 99617 3.4072 15,2162
1.7404 10379 0,9635 343806 15,2154
1.6875 1033.9 10 9672 363252 15,2132
1.6201 1028,.7 09721 342545 15,2128
1.5888 1026,2 119 9745 32216 1542144
1.4456 101549 069843 340718 1542053
103541 100996 {le 9905 2-9763 150 1988
1.2742 1003,7 09963 2.8927 15,1985

94,. confidence

JA)

= 65. 50 Kcal /ﬂ@le .

8
%?mit = 0.86 Kcal/mole,

b



TABLE XX,
Run 3 4G XXVIII, NaF,
logd T 10° T I
- T _ -

242903 1082,6 069237 3,9586 17.5338
242695 1081,1 0e 9250 39370 17.5313
2.2375  1078,4 09273 39032 1745313
2.2271 1077.9 09277 303926 1745266
2.1706 1072.9 0.9321 3.8330 17.5317
241255 10691 0,9354 507057 1745329
2,0931 1065,9  0.,9382 307511 175394
2,0630 106343 049405 3.7192 175413
1,9811 10564 3 00 9467 346330 17,5462
1.9523 1053,9 049489 3,6026 1745482
1,9186 1051,4 0,9511 345673 1745452
1.8274 1044s4  0,9575 3.4716 17.5436
1,7980 1041.8 049599 304408 17.5480
1.8993 1049,2 0.9531 345465 175538
1.8122 103,0  0.9588 34557 17.5468
1.7896 C1080,8 0. 9608 3.4318 17.5523
147396 103649 00 9644 303791 17.5525
1.6981  1033,9  0.9672 3.3358 17.5503
106503 103005 909704 302859 170 5474
1.6021 102740 0,9737 3.2355 17.5455
1.,5635 102443 0.9763 341950 17.5432
1.5011 1019,6 04,9808 301297 17.5441
1. 4840 101563 049849 3.0698 175449
1.3945 1012.3 0.9878 3,0184 175357
1.,3010 1006,1 / 069939 209209 17.5278
1.2504 100247 0.9973 ., 2,8682 17.5251
1.,2095 10001 09999 24,8256 17.5207

95% confidenco‘§¥g2§

= 67,05 Kcal/mola,
0476 Keal/mole.

86
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TABLE XXI,

88

hun 3 4G (xv) KF.
Log D T 0° r I"
TR OB L
2,2312 94346 1,0598 57619 19,3791
2+1864 940.3 1,0635 5e7142 19,3789
24,1467 9370 1,0672 5.6719 19, 3841
201239 9353 1,0692 S5« 6477 19,3856
2.1169 934,8 1,0697 56402 19,3846
2,0821 932,1 1,0728 546033 19,3876
24,0366 928,48 1.076%7 545550 1943893
1.9800 924e5 1,0817 54949 1943935
1,9571 922,6 1,0839 544703 1943971
1.8797 9177 1,0897 543888 1943901
1.8681 916,7 1,0909 5¢3763 19,3931
1,7604 90944 1,0996 5.262% 19,3910
14,6637 9028 1.107%7 5.1614 1943940
1,6201 899,9 l1.1112 51143 1963919
1.5809 89745 l.1142 540730 19,3891
1,4967° 892,1 1.1210 49842 1943905
1;%72 889¢2 1012"’6 4‘932§ 1903821
1,4065 886,1 ° 1,128% 4,8889 19,3888
1,2455° 87645 141405 447199 1943740
,M, . o RSt
= 58,16 Keal/mola,

95% confidence limits = 0457 Keal.



TABLEXXII, - 89

Run_3 4G (xvi, XF,

Log D T 10° ¥ I
T A
2e 2440 944,6 1,0586 %7755 19,2828
242338 943.9 1,0594 547647 19,2822
241973 941¢3 1,0624 547260 19,2818
24,1697 93849 1,065} 546965 19,2867
240962 93347 1,0710 546187 1942842
20667 9305 1,0747 505865 19,3037
1.8531 916,47 1,0917 5e 3609 1942905
1.7903 911, 1,0970 5¢2943 1942915
1,7308 9075 1,1019 He2314 19,2912
1,6684 9033 1,107 51654 19,2915
1.4472 889,0 1,1249 4,9321 19,2853
12833 87843 1,1386 447590 19,2870
1,2504 876,6 11408 447247 19,2808
A 33298 = 57.75 Keal/mole,

95 confidence limits = * 0,48 Keal,



Aun 3 4G (xvii: (F,

TABLE XXIII.

Log D T 10° T In
- T
22438 b9 1.,05853 547755 19,3713
242348 Shb,1 1,0592 5. 7659 1943733
2.1807 94041 1,0637 57089 1943741
261424 93742 1,0670 56677 1963753
240824 93246 1,0723 5¢ 6040 1543797
109085 91905 100875 50‘?191 1963900
1,9063 91945 1,087% 5¢ 4169 19,3878
1.8102 91249 1,0954 543153 1943877
1.6998 905.4 11045 51986 19,3861
1,6294 9006 1,1104 541241 19,3892
1.5763 897.1 1,1147 5¢0680 19,3884
1.5079 892,46 1,1203 449959 19,3882
1.4133 88644 1,1282 448960 19, 3898
1.3324 881,4 1.,1346 4,8108 19,3868
1.2923 878,8 1,1379 44,7685 143869
1,2625 87649 1.1404 447370 19,3875
28677 9921 1,0080 644377 19,3873
248597 991,1 1,0090 644290 1943915
2.8497 96949 1.,0102 6.4176 19,3955
2.8701 992.1 1;0980 6.4“0’01 1903897
2.8705 99241 1.0080 64405 1943901
Asﬂ298 = 58,15 Keal/mole,

95" confidence limits

= O¢ 31 Kcal/mole,

90
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TABLE XXIV.

Run 3Pt (wvii) LiFs
Log D 3 Y ;9_?_ Ir
T
249222 112,46 64578 0,8892 2043931
209180 11244 6,4330 0,8894 2043915
2.8745 1120.4 6.,4064 0.8925 20,3934
2e 8691 1119;6 6.4008 0,8932 204 3988
2.8276 1116,1 6.3564 048960 20, 3983
2.7996 1113,4 643262 0.5981 2044010
243012 10738 5¢ 7976 0e9313 200 3927
242907 1072.8 57863 092321 20,4096
242256 1067,6 5¢7174 09367 20, 3971
21562 1061:7 Se 6432 069419 20,4044
2,024 105242 5¢5039 049504 204 3983
1.9186 1044,5 53923 09574 20, 3964
1,8681 1040,9 543388 049607 204 3947
1,8136 1036,6 5¢2810 049647 204 3995
1,7657 10332 5¢ 2307 0. 9679 204 3994
1.7210 10297 541829 09712 2044033
16532 1024,7 5¢1111 049759 2044052
1.5877 102042  5.0419  0,9801 20,4018
1.5315 1016,7 4,9831 049836 2043978
1.4857 101345 449347 0,9867 204 3980
1.4298 1009,8 448757 - 049903 204 3954
1.3541 100447 447960 069953 2043941
1.3424 100442 4,7836 049958 20, 3895
1,3012 1G.145 4¢ 7406 049985 204 3839
= 70.8 .
AN 83298 70481 Kcal/mole

95" confidence limits

= Q444 Kcal/mole.

92



~TABLE XXV,
Log D T 5 10° 1"
2.9190 1125,6 64,4553 0.8884 20,2729
29075 1123,6 6.4423 08900 20,2848
2.8983 1122,1 6.4316 08912 20,2927
2.8846 1121,9 6.4179 0.8913 20,2806
248247 1116,5 643541 068957 20,2852
2.79% 1114,3 663267 0.8974 2042842
22487 106946 Se TH20 09349 20,2828
242098 1066,6 57009 09376 20,2837
21553 1062,6 5.6431 °  0.9411 20,2803
241096 105942 505946 0. 9441 20,2785
1.9912 10504 5+ 4691 049520 2002759
1.9269 1045,8 54015 0, 9562 20,2736
1.8739 104145 53453 09602 20,2796
1.8089 1036,9 5.2763 009644 202739
le 7582 103349 52233 Qe 9672 20¢ 2665
1.6503 102449 541082 049757 20,2836
1.6274 102343 500840 069772 20,2827
1.5717 1019,2 5,0251 0,9812 20,2860
1.5024 101445 509523 049857 20,2832
1,4265 1009,0 58717 049911 20,2865
143502 1003,7 S«7913 049963 20,2871
1.,3201 1001,6 547596 049984 20,2880
z 70627 Kcal/mole,
Oofiggs )

95" confidence limits

-
-

0431 Keal/mole.
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2un 3Pt (ix) LiF.

TABLE XXVI.

Log D 7 )N 10° 1"
208948 1123,1 6.4289 048904 20,2903
2.8434 1118@6 60 3741 &’.89’00 204 2915
2,8252 1117,0 6o 3547 068955 20,2924
248022 1115,1 643302 0.8968 20,2912
246737 1071,8 5. 7686 049330 2042932
242076 1067,8 506987 0.9374 20,2918
2.1581 1062,8 54 6459 0. 9409 2042935
2,0770 1056,9 545603 04 9462 2042904
2+0183 1051,9 544976 109507 2042977
1,9238 1045,5 5, 3983 069565 20,2887
1,7952 103547 542619 0.9655 2042924
1,7267 103045 5.1894 09704 2042962
1,6590 10256 S,1182 069750 2042966
1,5366 1021,2 540515 0,9792 2042953
1,5024 1014,5 449523 0,9857 2042973
1,4014 100840 448459 0.9921 204 2905
1.3856 100645 448291 049935 20e
1,3201 150246 447603 009974 204 2874
1, 3007 10 1.6 447491 0.9984 20,2918

= 70633 Kcal/mole.
A1313298

95 confidence limit = 0,29 Kcal/mole.
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T4 LS XXVII.

—

Run 3P Na
Log D T _;_Q?_ -z I
T
249249 1165,0 0.,8584 4,6449 17.5318
2.9014 1162,2 0« 8604 4,6198 1745367
248783 1160,2 0.8619 445955 17.5349
2.8418 1156,9 048644 4,5568 17.5338
2.,8190 115445 0.8662 445325 17.5365
202916 1109,0 0.9017 3.9767 17,5136
202425 1104,5 049054 5.9248 17.5173
2.184) 109945 0.9095 3.8632 17.5192
201323 109542 0.,9131 3.8087 17,5168
200550 1088,9 0.9184 37275 17.5152
240052 108446 0.9220 3.,6750 17.5167
1,9479 1079,8 09261 3.6146 175179
1,8842 107446 049306 345477 17.5185
1.8370 107043 0.9343 3.4978 17.5242
1.7839 1066,6 0.9376 3.4423 17,5182
1.7251 1061,7 0e9419 343804 1745209
1.5877 105047 e9517 3.2361 17.5237
1.5366 10464 049556 3.1822 17.5283
1.4698 1041,0 04 9606 31121 17.5333
1.3979 1035.,6 0496456 340368 17.5331
1. 3404 1031,0 09699, 29763 17.5371
1.2810 10270 049737 29144 17.5323
1.2330 1022.8 Ne9777 2.8636 175415
» = 684,49 Keal/mole.
A 8H298 o149 / ol

95, confidence limit =

0.47 Keal/mole,

96



sun 30t (xi) laF,

PABLS XXVIII

107

Log D T 107 s 1"
T
2,9063 1163,5 048595 4,625 17,6194
.« S068 116:.5 048595 446260 17,6200
2,8720 1160,2 0.8619 445892 17.6195
2.8246 1155,8 0.8652 44,5389 17,6191
R2eT379 1152.8 0.8675 445103 17.6253
22718 1107.9 049026 3.9563 17.6019
201523 1097.8 09109 3.8304 17,6015
2,1014 1093.4 0e9146 367766 17,6036
2.0366 108842 0.,9189 3.7087 1746007
1.9643 1081,3 049248 3,6320 17.6132
1,8848 10753 049300 3,5487 17,6085
1.8149 1069,8 069348 344753 17,6077
1.7348 1063,3 04 9405 33911 17,6097
1,7267 1062,6 0e9411 33826 17,6103
1.6599 1057.2 0e 9459 33124 17,6126
1,5798 105049 049516 302283 17,6147
1.5289 1046,8 Ce 9553 341748 17.6171
1.4249 1038.8 09626 3,0658 17.6185
1.4314 1039,0 0.9625 300724 17.6236
1.3541 10332 09679 2,9914 17.6242
1,2878 102842 149726 249220 17.6259
= 68,98 Kcal/mols.
Agllzgs

95, confidence limit = Os4¢: Kcal/mole,

91



9, confidence

imits =

0.49 Kcal/m(}lav

Run 3Pt (xii) NaF,
Log D T 392 z I
—
249264 1165.8 0.8578 46469 17,6687
2.8936 1162,3 048604 45,6120 17,6733
2,8627 1159¢7  0.8623 445795 1746696
2.8389 115744 £« 8640 445542 17,6701
2,8083 115446 148661 4,5220 17,6698
242949 111040 0.,9009 39807 17,6568
2.2271 1104,2 0¢ 9056 3.9091 17.6565
241703 10994 049096 348494 17.6575
2e1113 1094¢4 0e9137 3.7872 17.6376
2.0141 108647 049202 346851 17,6541
1,9494 1082.2 09240 3.6177 17.6444
1.8109 1069,.8 0.9348 C 33,4713 17,6620
1.7177 1062.3 e 9414 343734 17,6643
1.6325 105547 0e9472 3.2841 17,6630
1.5670 105045 ~e9519 342152 17,6655
1,4983 104543  0.9567 3.1433 17,6664
1,4031 10374 069639 340431 17.6755
1.3385 103245 069685 249754 17.6777
1.2648 1027.7 109730 248986 17.6692
) = 69426 Kcal/mole,
Q gtiogg
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TABLE XXE,
Log D 7 T 107 1"
- L L S T“‘_-__
2,9222  1023.2  6,5170 059773 1942759
2+9254 102249 6. 5201 09776 1942828
28943 1020¢3  6,4869 049801 19,2823
2.8568 101743 6,4470 0.9830 19,2802
248253 101446 6;4134 00,9856 19,8528
22735 9707 508263 1.,0302 19§2?57
22175 966,7 547672 1,0344 19q2?15
241553 961,9 547009 1,0396 1942731
2.,0948 957 ¢ &4 546368 1,045 1942729
2,0565 95446 545961 1,0476 19,2727
19227 94540 544545 1,0882 19,2695
1.8149 93649 5 J400 1,0674 1942751
1.7412 931.5  5.2618 140735 19,2765
1,667% 92628 501837 1,0797 1942794
1.,5955 92149 %¢1079 1.0852 19,2754
1,5263 91648 . 540347 1,0908 19,2753
14502 911,2 449539 1.0975 19,2820
1,3838 906,% 4,8835 1.1031 19,2847
143075 901,5 4,8028 1.1093 19,2849
. z 59,11 Kcal/mole.
A>IH298

95% confidence limits =

0s22 Kcal/mole,

/100



TABLE XXXI,

9% confidence limit =

44,8752

Run 3Pt (xiv) ¢F,
Log D T T 10° "
— L

29111 1021;8 64,5049 049798 19,2050
2+8763 1018,8 6.4696 049815 1942040
248408 10158  6,4208 Uy 9844 19,2038
28105 101 35,4 6, 5976 0. 9868 1942028
22889 972.8 548425 1@0290 19,1953
242567 96944 548086 1,0316 19,1951
1,9827 94,8 545176 1,0540 19,1948
1,9238 94146 546553 1,0586 1941922
1,8142 9364 3 5. 3388 1,0680 19,1977
1-?364 9307 542564 160745 1941996

1,6551 9Y24,6 5+ 1700 1,0815 1942041
1,5809 914,8 5+0918 1.0872 19,1998
1,5119 91448 540184 1,093 1942030
144362 9046 4,9385 1,0994 1942048
1¢ 3766 90543 1,1046 1942090

B Hao8 = 58,74 Keal/uole,

029 xaallnolq.

0]



run 3Pt (xv)

EF,

TABLE XXXII.

Log D T T 10° 1"
T
249274 102342 6.5223 049773 19,2582
2,8923% 1020,2 6.4848 049802 19,2585
Z.8582 1017.2 64 4484 (09831 19,2599
2.8322 1015,1 6.4207 069851 19,2583
247979 1012.,4 6.3843 049877 1942558
242380 968,.2 5.7889 1,0328 19,2481
242151 96€,5 5eTOALT? 1.0347 19,2486
241129 95849 506562 1.,0429 19,2470
2,0366 95342 505752 1.0491 19,2468
1.9533 94647 5.4866 1.0563 19,2521
1,8698 940, 8 543982 1.0629 19,2497
1.8041 935.8 53283 1.0686 19,2540
1.7235 930,0 52430 1,07%3 1942561
1.6415 92446 51564 1.0815 152503
1.6042 9215 51166 1,0852 19,2587
1.5416 917.5 54050% 1.0899 19,2538
1,3729 90543 448715 1.1046 19,2664
1.3181 902.0 4,8140 1.1086 19,2610
‘>§H298 = 59400 Kcal/mole,

95% confidence limits

1]

0¢ 30 Kcal/mole.

[02
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Run jPt XV1, :bF,

log

TABLES XXXIII,

—_

Log D T 3 10° I
T
249045 25846 7.6752 1,0432 2045508
248549 95561 7.6217 1,0470 2045442
2,8365 95342 7.6022 1.0491 201 5507
247889 949,46 745513 1.053) 2045491
2.2563 910,5 6.9811 1.0983 2045368
241998 906,45 6,9188 1,1031 205337
2.1380 902,0 6.8486 1.1086 2045314
2.,0763 898,0 647891 1,1136 20.,533¢
2,0086 893,2 6.7168 1.,1196 2Ce 5354
149049 885,7 6,6053 1.1291 205411
1.8376 88144 645341 1.1346 2045378
1,.8089 878,8 645028 1,137 20,5473
1.7284 873,8 6.4172 1,1444 20,5419
1,6702 870,0 643552 1.1494 20,5416
1,6085 86545 6.2891 1.1554 2045496
1,5453 861,5 6.2219 1,1608 204 5490
L4771 857.3  6.1495  1.166. 20,5457
1. 4183 D3 6.0861 1. 1723 2045551
= 6 “ Gy
a 3H298 55462 Kecal/mol

957 confidence limits =

0s25 Kcal/mole,



TABLE XXXIV,
Leg D 7 T 10° I
2:9169 959.8 7.6888 1,0419 20,4774
2,8607 9556 746287 1,046% 20,4738
2,834 953.2 745998 1.0491 20,4768
2,7918 95062 7 45545 1.0525 20,4732
2.2936 913,54 7.021% 1.0948 204 4595
2,2191 908,1 6.9417 1.1012 20,4582
2,1467 902,9 6.8642 1,1075 20,4580
2,0569 896,6 6,7683 1.1153 20,4579
1,9965 892,3 6.,7037 1.1207 20,4596
1,9232 88743 6.6254 1.1270 20,4586
1,8585 882,6 6,5562 1.1330 20,4630
1;6513 868, 6#3347 1;1515 3QQ4686
1,5763 B63,4H 6. 2546 1.1582 20,4707
1,5%289 859,6 6,2036 1.1633 20,4823
1.4728 856,12 6.,15840 1.1681 20,4817
1.4265 85347 6.0951 1.1714 20,4733

A ll
957 confidonca

Qinit

= 5%¢31 Kcal/mole,

| 0.52 Kcal/hule.
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TABLE XXXV,
Pt (xv
Log D T T ;gf In
2,9110 959.1 T 6821 1,0426 2045929
< #3644 955, 3 7.5325 1.0462 20,5879
248359 953e2 7.6016 1,0491 2745929
28050 95047 75683 1,0519 20,5943
242253 90844 6.9483 1.1008 2045799
2.1801 904,48 648995 1,1052 20,5855
2,0810 8977 6.7934 1,1140 20,5884
2.,0124 892,0 6.7194 1,1211 208023
1,9370 888,0 6,6399 1,1261 20,5848
1.8525 881,9 €4 5494 1,1339 20,5909
1,7952 87746 6.#879 1,1395 20,5987
1,5211 860,3 64,1965 1.,1624 2045909
1,4639 856,8 641357 1,167 20,5883
1,4150 85345 6,0835 1,1716 20,5918
=z 55,81 Kcal/mole,

95% confidence limits =

Ce33 Keal/mele,

/06



Aol \mOH

107

9¢°1 XA ST T

9°'T =

A4S0 AT 34 ¢ uny

Fig. 21
C

log D



TABLy XXV,

Rap 3Pt IV CsF
Log D T 10° v
T In

249245 85549 1.1684 647319 19,4427
248984 853,8 1.1712 647040 19,4453
248998 854,0 1.1710 647056 19.4447
248607 85049 1.1752 646637 19,4485
2.+8501 850.2 1.1762 646524 19,4480
248315 849,0 1.,1778 646327 19,4458
268104 847.1 1.1805 66100 19,4524
243047 814,61 1.2284 640741 19,4376
2, 3065 814,1 1.2284 (40759 1944394
242660 811.7 1,2320 66,0332 194359
242076 80747 1,2381 59711 19,4401
201649 80449 1.2424 549258 19,4416
1.9773 79248 1.2614% 57268 19,4493
1,9058 7o 1,2686 546510 19,4518
1 ™ 8‘(44‘) 78“'. 5 1 . 27‘1:5'7 5. 5861 1 9. %}3
1.75¢6 7754 1.2830 2 e4933 19,4508
1.62()1 77106 1.2960 503496 1(}01’4‘85
1 ) ‘)575 768n0 1 . 3081 bi 2833 1 e &486
1.4713 76543 1.311 5¢1926 19,4449
1, 3784 75842 1.3189 50949 194430
1,299 75369 1. 3264 540111 1964407
l, 28?8 75}. e 1 . 327? k& 09992 199 MBO

AsB 298 = 494073 Keal,
95% confidence limit =

0e18 Feal/molo,

108



Rup 3PtvCsF
wer 1 12 1 .
i

249167 85541 1.1695 Go7234 19, 5013
2.8819 85245 1.1730 6,6862 1943017
2.8507 850.4 1.1759 646591 194 3008
2.8242 84843 1.,1788 6.6248 19,3027
242963 81343 1,2296 640656 19,2899
22700 811,4 1.2324 6,0368 19,2912
2,0748 79844 142525 58295 19, 30C1
24,0484 796,8 1,2950 508017 19.2991
1,9886 7932 1,2607 57385 19,2972
1,9768 792,5 12618 567260 1942966
1.,9274 78944 1,2668 566737 19,2981
1,8756 78546 142729 546183 19,3083
1.,7143 776.3 1.2882 5. 4481 194 3026
106570 77246 1.2943  5.3875 193076
1,4440 76047 1.3146 51629 1943013
1,4166 75%¢3 1.,3170 5s1341 19,2984

AgH 298 = 48,5 Kcal/mole.

95% confidenco limit =

0e 26 Koal/mole.

109.
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ZABLS XXXVIII

Log D iy 10° 5 I

T .
2+8950 85347 1.1714 647005 19,3085
248670 85146 1.1743 646705 19,2094
2,8290 849,0 1.3779 646302 19,2076
2.8021 846,46 1.1812 6.6012 19,2138
242778 812.,% 1.2309 6,0457 19,1890
202648 811.0 1.2330 6,0313 19,1970
22312 808,8 1,2364 549959 19,1979
201796 805, 3 1,2418 549409 1942006
2.1281 80147 12473 %5+8858 19,2042
2,0674 79842 1,2528 548192 1941963
1.9112 7€3e3 1,2686 546564 19,2022
1.,8585 785.2 1.2736 506008 19,2000
1,769 780,0 1.2821 5¢5067 19,1967
1.,7101 7763 1,2882 5¢4439 1941990
1,6522 77246 142943 543826 19,2029
14378 75943 143170 51553 19,2179
1,4346 7593 1.,3170 51521 1942147
1.3711 75642 143224 560855 1942058
1.3365 7544 143256 560492 19,2037

PUU—— e A o VR e e e ——— R T T

QgH 298 = 48,15 Xecal/mole,
95% confidence limit = 0,29 Keal/mole,






JABLE XXXIX

LITLITi FLUORIDE
A H
s 298
Reference Run n temp, °K  second law
This work 3 4G xi 18 968-1046 65.14+* 0,82
3 4G xii 1l 965-1044 67.81+0.88
3 4G xiii 1 966-1046 67.50 + 1,10
34 xiv 20 969-1046 69,28+ 0,75
weighted mean value 67.49* 3,69
This work 3 Pt, vii 25 1001-1125 70.81% O,Lh4
3 Pt viii 23 1002-1126 70.27 + 0,31
3 Pt. ix 20 1002«1123 70.33+ 0,29
weighted mean value 70.371 0.73
Ruff, Schmidt &
ugdan 14+ 1671-1939 66.992 0.69
v. Wartenburg and
Schultz 5 1626-1820 67.18 + 0,78
This work

logyo p (mm) = 11.567 ~‘l&4%22

n

kcal/mole
third law

6449

64,8

63.7

64,2



Reference

This work

welghted mean value

This work

weighted mean value

Fiwa

Miller and Kusch

Sense ¢
Ruff Se
Llugdan

dt &

v. Wartenburg &

Sehulte
sanse.gs_ﬁlo

This work logyop (mm)

g
6
14
5
9

ZABLE XL

SODIUM FIUORIDE

Run n temp, %K
3 4G xxv 22 993-1082
g 4G xxvii 18 1004«}082
46 xxviii 27 1000«1083

3 Pt. xi 21 1023-1162
3 Pt, xii 19 10£8-1166

1053-1112
1115«1189
1220-1265

1699~1974

1672-1835
1274=1 348

As H298
second law

66,09+ 0,86
65,50 + 0,68
670051’5 0,76
66,22 1,95
68,49 2 0,47
68.98+ 0,46
69.26t 00""9

68,91 0,99
64,15 % 0,97
68.831 0.35
72.82+ 0,96

69.80 + 0,9%

71,96 £ 0,08
68,85 + 0,79

10o811 - INBSO/T

[HZ

keal/mole

third law

67.2

67.1

6248
6846
6642
6547

66.2
65.9



Reference Run

This work 3 4G xv
3 4G xvi
3 LG xvii

welghted mean value

This work 3 Pt xiii
3 Pt xiv
3 Pt xvi

weighted mean value

lNiwa

Ruff Schmidt &
.gdan

V. Wartenburg &
Schultz

This work log10 p(mm)

TABLE XII

POTASSTUM FLUORIDE

1%
21

15
18

5

temp %K

877 =9l
877 =945
877-992

902-1023
905-1022
902-1023

913-973
1551-1773
1624-1776

A88298
second law

58,16 0,
57752 0,
58,15+ 0,31

56.03:0,18

60.39 * 2,61

56,241 0,87

10.l+99 - 12'Tg25

13

kecal/mole
third law

57 06

57 .6
55.1
56.5
5647



JABLL X111
UM F R IDE
| Asﬂ?.?S
Reference Run n temp.°k  second law

This work 3 Pt xvi 18 8 =959 9'621'0025
3 Pt xvil 16 82—920 gg. 1+0.52
3 Pt xviii 15 854-059 55481 * 0433

welghted mean value 55.,64% 0,65
Ruff Schmidt and

Mugdan 4 1598-1673 52.1 * 3.2
v. Wartenburg & ‘ ‘

Sehultg 11 1436-1683 54,08+ 0,58

This work log,, p(om) = 10,527 - 11551/T

n4

keal/mole
third law

.83

St 46
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JABLE XLII1
I ' I{ Y
Reference Run n temp,oK As I'IZJ.'98 kecal/mole
- second law third law
This work 3 Pt iv 19 75h=854 hz.o'f * 0,18
3Pt v 16 759-855 48,51* 0,26
3 Ptvi 22 753856 48,15 + 0,29
Weighted mean value 48,73 + 1,02 49,12
Ruff® Sehmidt and
liugdan 6 1355«1528 42,9 * 1.3 50 oLt
v. Wartenburg and
Schultz = 7 1319-152% 45.7 + O 48,3
This work log,, p (mm) = 10,437-10208/T
TABLE XLIV
AH (Platinum kecal/mole
s 298 vessel)

Substance gsecond law third law Difference
LiF 70 1+ 64,8 546
NaF 6809 6701 108
KF 59 .0 576 1.k
RbF o6 'gog %-i
CSF ] * - .
KC1 SH.Z 5247 1.7
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Riscussion of results.

The agreement between this and previous work is
reasonable as may be seen in Pigures 22 and 23 where the
results for sodium and potassium fluorides are plotted.
Niwa's results both for sodium and potassium fluoride are
high. He used a platinised quartz effusion cell which, he
states, showed signs of having been attacked during the
experiments. It seems likely therefore that the hiéh vapour

pressure was partly due to siFh produced in reactions of the

type.

6NaF «+ 3810, = 2 N328103 + Na281F6

Na281F6 = 2NaF + SlFu.

As a further check on the agreement between the present
work and that carried out on the liquid, the vapour pressure
at the melting point was calculated from the equations gilven
by Ruff Schmidt and lYugden (1922) and v.Wartenburg and
Schultz (1921), and from those given in Tables XXXIX to
XLIXIXI. The results are given below,

log p(mm) at the melting point

Substance liquid data present work
RS&M VoW & 8
LiF -1.648 -1.703 -1.524
NaF -0.710 -0.579 ~0.533
KF =0s431 -0, 207 -Q. 365
RDF =0 328 -0, 215 «0q 1496

CaF +0.057  «0.171 ~0. 2141



ini

Aol \mOﬁ
$5°0 06°0 58°0

08°0

HJI0M qUOSeI]

yosny puk aABTTT:!{

TTOUOTM] PU® U0y

BTy

T€ 36 esueg

_R

Figo

PTIOE JEBN JO

—0°%°¢-

log p (mm;




ng

Fige R3

¥OoT-

00T

Sp LdON[J WIT

JIoM quBsald

JO BJUNEB60dd JXno

¥4/ 0t

o*e-

(um)d Fog

-1 0°¢~




19

Reference may here be made to Table XII where the results for
potassium chloride are collected.

The most striking feature of Table XLIV is that the
second law values are appreciably higher than the third law
values, the difference being large for lithium fluoride and
becoming less for the fluorides of the heavier metals. It
is poesible to reconcile the two values by assuming that the
vapour contains appreciable concentrations of ¢imer and

perhaps higher polymers, and this is discussed below.

A §§g§;dggagioq_gﬁ the errors in the measured heats of
gublimation,

Systematic errors can arise from three causes:
1) Errors in the absolute calibration constant
2) Errors in the measurement of temperature

3) Brrors arising from the use of inaccurate thermal datsa.

1)  The principal error here is in the measurement of the
area of the holes. It is cstimated that the error is not
greater than 0.5 . The error in measuring the thickness of
the hole is more difficult to estimate, but in any case, the
£ factor is not very sensitive to changes in the ratio
(thickness/diameter) and it is thought that little error was
{ntroduced here. Comparison with the work of other authors
has shown that the calibration constant is fairly accurate.

An errdr of 2% in the absolute pressure produces an error of
only 0L k.calat 1000°k in the third law value of the heat of

sublimationo



120

2) Errors in the measurement of temperature.

These could be more serious, since they arfect the
Second law values of the heat of sublimation. Each calibration
point could be determined within £ $°C. This means a
maximum error between two calibration points of 18- The
calibration points are roughly 250°C apart, and each run
stretches over about 125°C 80 that the error between the
ends of a run is about 3°C. The errors in interpolation
should not be greater %qc.

The total possible error between the ends of a run due
to calibration errors is thus about 1°c which is roughly
equivalent to a change of 0f5k.ca1(m°1° in the second law
value of the heat of sublimation.

It is known that base metal thermocouples change their
calibration with use. A check calibration run using potassium
chloride was carried out at the end of the series of experi-’
ments and gave regults identical with the calibration runs
carried out at the beginning of the series, so it was
considered that the thermocouples had not aged appreciably
during the course of the work,
3) Errors arising from the use of inaccurate thermal data.

srrors in the heat capacity equations for the solid and
gas tend to cancel in the third law treatment since the errop
appears in both the entropy and heat content ternms,

In the table below are given the maximum possible errors
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arising from inaccurste thermal dsta. The 1limits of error
given by Kelley (1949) in his heat content equations for the
80lids were used where possible, The error in the eniropy was
caloulated essuming the worst possible case where Cp from the
equation is always either higher or lower than the true value
over the entire temperature rsnge from room temperature to the
temperature of the high point,

For the gases in which the vibrational freguency was
estimated, the entropy and heat content changes assoclated

with s chsnge in freguenoy of t,SOam"1 have been found.

Error in second Error in third
law value of law value of
AsH298 Ker1l/mole A3H298 Kcal/mole
KC1 0.9 0.17
LiF 0.17 0.26
NeF 0.4L2 0.62
KF 0.37 0.56
RbF 0.27 o
CsF 0.17 -

The errors in the entropies of the crystal at room
tempersture estimaeted by the origirnel suthors has been
included in the error in the third law values,

The gas molecules were assumed to carry out simple harmonic
motion., The effect of anharmoniciiy and centrifugsl stretching
on the entropy of potassium chloride vapour at 1000%K wes found
to increase the entropy by 0.13 e.u. The actual error in the
third lsw value of the heat of sublimetion will be smaller than
0.43 Kcal/mole at 1000°K since the heat content of the true
aphermonic g88 is grester then that of the ideal S.H.M. gas
(Mayer and Mayer (1946)).
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The standerd en¥ropies of rubidium and caesium fluorides.

There is no experimental data for the standard
entropies of crystalline rubidium or caesium fluorides.
The values for this uantity calculated by the reverse of
the usual third law trestment, assuming the heat of
sublimation frém the second law treatment, are shown
below. They are compared with Latimer's (1951)

estimated velues: the agreement is fair.

0 0 ,
S 298 calc. S 298 Latinmer

RbF 16.5 e.u. 17.4 e.u.
C8sF 19.6 e.u. 19.1 e.u.
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Deits (1956) carried out experiments on the vapour pressure of
potasgium chloride using an absolute mancmeter and a Knudsen effusion cell.
The results obtained by the two methods agreed closely and he coneluded
that there was less than 108 of dimer in the gas; though as he says, the
method is insensitive, and even :f the vapour were entirely dimer, the
twe methods would give values of the vapour pressure differing by a
factor of only v2.

Zirm and Mayer (1944) measured the vapour pressure of potassium
chloride over a wide tempereture range. They calculated the entropy of
the gma at 800%K gaguming it to be a mixture of monomer and dimer, and
showed by a comparison between the exporimental entropy and the calculated
entropy that the degree of association must be small ( b 2%)

Recently more divect evidence for the pregence of dimera has been found
using mass spectrometer snd molscular beam techniques. Frdedmarn (1955)
investigated the mass spectium of lithium lodide vapour effusing from a
Knudsen effusion cell. lie found large concentrations of LiI* and Lisle'"
which he concluded could have been formed only from dimers or trimers.

He concluded that the wapour czo;x%uins arproximately equal concentrations of
monomey and dimey, but owing to the absence of data on their ionisation cross-
gactions was unablo to measure their true concerntrations. Hobson (1955)
carried out similar experiments on the vapour of the chlorides of 1ithivm,
sodiun and potassium. fe found large intensities of ions of the type Ls_mc1n'*'
and 14,Cly", where {m + n)> 2, in the vapour of lithium chloride. ‘e propoged
that these complex ions might be formed by a elustering process in which
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atomic and molecular ions combine with neutral diatomic
molecules, but was unable to explain.all the features of the
mass spectrum in this way and considered it likely thst there
were polymers in the vapour.

Ochs, Coté and Kusch (1953) in their molecular beam
resonance studies on sodium fluoride, chloride, and iodide
observed a peak in the sodium resonance graph which could
not be explained by the theory for diatomic molecules. It
was round‘tﬁat for a given temperature of the slit section
of the oven producing the molecular beam, the intensity of
the peak increased with the pressure in the oven as one would
expect 1f it were due to a 9imer, fThey estimated that ¢imers
constituted 25-75% of the total beam. Later Kusch (1953)
reconsidered the data on sodium fluoride and gave the fraction
of the total beam which consists of dimers gg 40:,

The most important evidence for the existence of polymers
in the gas phase is due to Miller and Kusch (1956). These
authors analysed the velocity distribution in molecular beams
of ten alkali halidesS and found significant concentrations
of Gimer in all except the caesium salts and measurable
concentrations of b'TimeTr fop 1ithium chloride, 1ithium
bromide and sodium fluoride. Prom a study of the composition
of the vapours at a series of temperatures, it was possible
to calculate the energy of Uimerigaeiqy (‘3251) using the

eguation

‘ré (1n X)) Y
dT TR
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where Ko is the equilibrium constant expressed'in terms of
contrentation for the reaction |
2 WX = MQXZ
A summery of the results obtained by these suthors is
given in the table below. The ratios pl/P pz/P and. p3/P
‘(waere Dl, pz, Pz, P are the pressures of monomer, dimer,

trimer and the pressure of all three, respectively) were

calculated using the formulae

Pr_o1-8- 7 Pp_ o1 Y Ps_ s
P o1-%2-2/3p 1-82-20/3"P 1-8/2-2/3

where 0 and Y are the fractions of diatomic molecules which
are agsociated to dimer and trimer respectively. The
original paper gives the method of celeulating & and 7

ZX”ET ¢ the hest of disscciation of trimer to monomer and

dimer

Temperature at
which total _, P1 P P A Eq ALE,
pressure is 10 fm P T T keal : keal
RpCl 866°x 0.919 0.081 48.140.6
KC1 897 0.830 0.110 3%2{89
KI 12 0.941 0.059 _ ﬂ;«.. 4 -
42 0.872 0.083 0,045 42.5%1.8 87.0#0.5
L R e T P
0.724 0, 270 ¥ ] a*_
1iCl1 870 0.204 0.744 0O 053 X8 1;0' -
. o 24 . 4 el . . O+,
LiBr 803 0.210 0.728 0,862 42.3”-{-1.; %g +é,?5

i
t
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The most notable feature ie the high degree of 44nonis-
ation in the lithium halide vapours decreasing for the halides
of the heavier elements. For the lithium halides, & Eq
tends to increase as the atomic weight of the halogen
decreases. Priedman's data were used to caloulate OpEy
for 1ithium iodide and the result was in agreement with this
trend. ( ABp = 43,1 % 1.2 keal at 920°K). It will be shown
later that the results of the present work on lithiuw fluoride
also agree with this trend.

30 spectroscopic evidence of dimerisation has been
foun;?ffﬁﬁemperer (1957f'calau1ated that it should be possible
to detect the presence of dimers from the infra-red
" absorbtion spectrum but found no evidence of dimerisation

Honig, Mandel, Stitch and Townes (1954) state that the
internuclear distances of the alkali halides weasured by
electron diffraction have been consistently higher than those
obtained from micro-wave spectra. Since we should expect the
internuclear distance in a dimer to be higher than that in

the corresponding monomer, they consider that this is evidence

in favour of the existence of dimers in the vapour,

259 effegt of dimerisation on the present resulis,

Consider the sublimation to s mixture of monomer and
dimer of one mole of a crystalline alkali hallde MXig). Let

the fraction of monomer which is associated to ¢imer ved,
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Using the third law treatment
Dgliy = To8 = T(S(gm - S(e) ) (1)

where Asum is the heat of sublimation of one mole of crystal
to a mixture of monomer and 9imer , g(gs)p is the entropy of

the mixture of gases and S(c) 15 the entropy of the crystal.

S(g)m = (1 - 5)(62 - Rln py) + é (8: - Rln p,) (2)

Suffixes 1, and 2 refer to monomer and Gimer pegpectively.

A H 2 (1 = 8)(82 - Rln pl) +3 (82 - Rin Pz) - 8¢¢)

all quantities are measured at the temperature T.

The experimen‘tal second law value of the heat of subli-
mation is produced by plotting log (Pl +P2 ) against 1/7 ana
as can be seen from equation (3) above cannot be identified
with the heat of sublimation to & mixture of monomer and
dimer .  1ndeed, esince it is improbable that § will remain
constant with temperature, it is unlikely that the line will
be straight. Prom the results of Miller and Kusch, the heat
of sublimation of the 9imer 4a ugually greater than that of
the monomer so we should expect the curve to become steeper
at higher temperatures as the heat of sublimation to Gimer

mnakes a larger contribution to the observed slope. At the
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same time, if dimer forms a significant portion of the total
vapour pressure an erroneously large pressure will have been
used in evaluating the third law value of the heat of subli-
mation assuming that the vapour consists wholly of monomer,
resulting in a heat of sublimation by the third law treatment
that is too small, It appears therefore, that lack of
agreement between the experimental second and third law
values of the heat of sublimation gives a qualitative
indication of the presence of polymerisation in the vapour.
From the thermodynamic cycle

A Hd
Mg Xp(g) — 2 MX(y)

AsHZ 2%“1
2 MX(e)
Aaﬂa +Aﬂd = 2 ASH]_
Aad = AEd + RT (u)

where AEd is the energy of dimerisation.

Also, Tfor the reaction

U, Xo(g)=2 MX(pg)

= 0 - ’ ) - o
AGO = AHY - T (28,° - 8,°) (5)
«RT In K. =« RT In p3° = = T(2 87 - 52)+aH,(6)
or n 8y 12N 1 2 d
P2

If therefore we have values of Z&ﬁd, the standard entropies

of monomer and dimer, and the total pressure of monomer and
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dimer we have sufficient information to calculate the
pressures of monomer and dimer . By inserting the value of
py into the third law treatment for the heat of sublimation
to wonomer in place of the total pressure of monomer and
dimer formerly used, the correct heat of sublimation is
obtained.

O'ionski and Higuchi (1955) have calculated the energy
of dissociation to gaseous ions of the dimer Ha, 012 by
extending Rittner's (1951) treatment of the diatomic molecule.
They found that the structure was a rhombus of apex angle
1050; the internuclear distance having inereased from 2.3606§.
in the monomer to 2.59A.. It was hoped to calculate the
energy of dimerisation of lithium fluoride using a similar
model. The rhombic structure of apex angle 105° was used.

A rough caleculation of the heat of dissociation to ions
of the dimer was first carried out, excluding the effects
of polarizability in order to -find approximately the inter-
nuclear distance. The total energy, including the terms due
to polarizability was then found for a range of internuclear
distancee using the values given by Rittner (1951) for the
polarizabilities’ﬁf the ions, and the constants A and @ in
the Born repulsion term Ae~Y/ ., The vander Waals attractive

term was ignored as being small.
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e
og,, = .029x40~2Homs
o, = 1.,05x10~2ken3

&
where o, is the polarizability of the lithium ion

and o, is the polarizability of the fluoride ion.

The minimum energy was found to be 16.99 e.v. at an
internuclear distance of 1.9A4 . Rittner gives the energy
of dissociation to ions of the diatomic molecule as 7.73 e.v,

80 using this value, the energy of the process

11 F

o Fy 2 LiF

18 2X7.73 = 16499 = =1.53ev. = 3L.5 Keal at oK o If the
dissociation energy for the diatomic molecule given later in
this thesis is used the value of 1.8 e.v. or 41.4 Kcal is
obtained for the energy of dimerisation at 0°K . It was
obvious therefore, by comparison with the results of Miller
and Kusch that this treatment does not give a useful value of
the energy of dimerisation, therefore the following treatment
was used.

Equation (6) gives the pressures of monomer and dimer
in terms of the total pressure and the heat of dimerisation,
It is supposed that the standard entropies of monomer and
dimer can be calculated. If a value of Al g4 is chosen,
the pressures pj and pp are immediately defined, and Py can
be used in the third law calculation of the heat of sublimation

of monomer. Furthermore, if the pressures Py and Pp are
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calculated at two temperatures, the values cen be used in
the Clausiue~Clapeyron equation to find the heats of sublime-
tion to monouwer and to dimer (second law values). By
varying AHg , the heat of dimerisation, until agreement is
obtained between the values of the heat of sublimation to
monomer from the second and third law treatments, estimates
of the degree of dimerisation, the heat of dimerisation
and the heats of sublimation to monomer and dimer are
obtained,

The change in A E, the energy of dimerisation, from
0%k to 1050°K for 1ithium fluoride was calculated to be only
0.75 kcal/mole, so AE was assumed constant over the range
of the experiment.

The standard entropy of the mononmer at imm pressure was

calculated using the following equation
(BDy = 4.57566 3 dog ¥ + 7 1og T + log 1+ kL2042 7+ 8(Einst)

where M = molecular weight in atomic welght units
I = moment of inertia in c.g.s8 units
S(Ein3t) = vibrational entropy.
For the dimer a similar equation was used (XKelley (1949))

(Bg)r = 4,57566 g Jog M+ 4 log T + % log II,I3 = logs/+ C(Einstj

f278. 5524»

where LIZl ’ Ia’ I3 are the moments of inertia about the three



132

principal axes of the molecule. o » the synmmetry number has
the value 4 in this case. In calculating the moment of
inertia, O'Konski and Higuchi's(1955) planar rhombic structure
of apex angle 105° was used with internuclear distances 10%
greater than in the monomer for all cases except lithium .

fluoride which has already been discussed.
The vibrational entropy per vibrational degree of

freedom was found using the expression

-n(l-¢ )7

8 qp © R’~Z~.‘L
6o -1

vhere = hew
. S -

RT

where h = Planck's constant
c = veloclty of 1light
we = vibrational frequency in c¢nm™
k = Boltsmann's constant.

1

Zimm and Mayer (1944) proposed that of the six vibrational
modes in the dimer , five are stretching wmodes and have the
same frequency, and the sixth is a bending mode with a
frequency of one tenth that of the stretching modes. In the
present work the vibrational frequency was found using the
expression of Birge and Mecke for finding the internuclear
distance (X:) of a molecule in an excited state when the
internuclear distance in a lower state is already known

2 . e
Yo 1'% 1" we2‘ Te 2



133

In the expression of Birge and Mecke the suffixes 1 and
2 refer to the two statee of the molecule. In this case
they refer to the monomer and dimer respectively. For
lithiun fluoride Yy, was determined by the theoretical
calculation using the method of O'Konski and Higuehi (1955),
described above. For the other molecules considered, the
internuclear distance in the €imer was sssumed to be 107
greater than that in the monomer. This equation is obviously
not strictly applicable to the present case since it applies
to two states within the same molecule, and here it is
applied to the same bond in two different molecules. However,
it is probably a reasonable approximation.

The standard entropies of monomer and dimer were
calculated at the extreme temperatures used in the third law
treatment of the observations, a plausible value of AE, the
energy of 4im epigation was echosen by reference to Miller
and Kusch (1956) and this was then varied until agreenment
between the second and third law values of the heat of
sublimation of monomer was obtained using the method deseribed
abovee

The degree of 4im erisation in the vapours of lithium
fluoride, sodium fluoride, potassium fluoride and potassium
chloride was studied. No sueh study was possible for
rubidium and caesium fluorides since the entropy of the

crystalline substances at 29é>K had to be estimated. lilller
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and Kusch found a enell degree of Cimerisation in the
vapours of rubidium salts and none in those of caesium salts,
The results of the calculations are shown in Table XLVI
The experimental heats of sublimation are those calculated
directly from experimentsl results ignoring the presence of

¢imer , The corrected results are thoee cslculated including

the effect of dimerisaticn.
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Sub- T |Experi A Corr-/A\ H.. ., AE K P P P P
stance BMWSH | mmm@m ected S 298[ T P 1 e -2
2nd Tad 3rd 2nd | 3rd |Kcal/ P
law law law |(mole mm mm mm mm
-t -l r -l
IiF 1000 70 & mr.m 66,7 66,3 53 15.22 x 10 742 x HON L1k x Hom 3.28 x Hom A2
-3 - - -
1120 53 {9.48 x 10 ) 2.79 x Ho: l.22 x Ho: 1.57 x u.o:, 56
NaF 1030 68.9 67.1| 67,91 67.3 52 11,13 x 10 5 755 x Hom 710 x u.om 45 x 10 .06
- - - -2
1165 52 10,196 x HWM 3.11 x u.or 2e73 X Ho: .38 x Hor 12
KF 900 | 9.0 57.6] 58.1} 57.8 | 45 [1.03 x 10 ) 7.2% x Bm 6.79 x Hom M5 x pom .06
1020 45 10,195 x ch 2.78 x u.o:. 2.47 x Hmr 31 x u.o: J1
KC1 830 mw.ﬁ 52,7] 53.9| 53.3 | 49 [1.486 x Hom 6.47 x Hom 4,88 x 10 {1,59 x Hmm .25
- - -2
| 940 49 4,436 x 10 {2.56 x 10 |1.82 x 10 {0.7% x 10 .29 |
m .
!
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21scussion of the method,

The method is obviously not very accurate. In the
first place it is difficult to estimate the vibrational
entropy in the dimer , which is a large fraction of the
total entropy of the dimer » Miller and Xusch (1956) usea
the method described by Zimm and Mayer to calculate the
entropy of potassium chloride gimer &t 933°K and obtained
the value 115 & 6e.,u.at a standard pressure of 1mm. Their
experimental value was 112.7 2 1,1¢u. This agreement may
be fortuitous, but it seems to show that the assumptions
regarding the vibrational entropy are fairly good.

The sensitivity of the method in determining the
partial pressures of monower and dimer appears to depend
upon two factors.

a) For potassium chloride, it was found that a postulated
change in the fraction of the pressure due to monomer fron
0.91 to 0,71 produced a change of only 0.35 Keal/mole in the
heat of sublimation of monomer by the second law., The

reason for this appears to be that for this substance the
heats of sublimation of monomer and of Jimeyr are very
similar. If they were identical the ratiop; 4, would remain
constant with temperature, and no matter what value of P17/ po
were proposed, the heat of sublimation of monomer obtained
using the Clausius~Clapeyron equation would remain the same.

In fact it 18 not as simple as this, since the ratiopl /p2
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is changed by assuming a different value of AHd which
alters the relative valuee of the heats of sublimation to
monomwer and to Gdimer

The method is insensitive in the case of potassiunm
chloride since the second law value changes only slightly
with change in the P1/P2 ratio and the fitting of the second
and third law values is done mainly by change in the third
law value which is insensitive to changes in the value of P
This makes the method prone to errors-in the measured
pressures.

In the case of lithium fluoride it was found that the
heat of sublimation of monomer was considerably smaller than
that of the Gimer, 71¢ an increase in the degree of

di episation was assumed, the calculated second law value
of the heat of sublimation to monomer decreased, while the
third law value increased. It was possible in this case to
get a much more accurate estimate of the degree of dimgriga-
tion, since for a given change in the :'1 /2 ratio, the second
and third law values of the heat of sublimation move in
opposite directions, and errors in the measured pressures
are less important.

The method is, it seems, more sensitive when the
dirference between the heats of sublimation of monomer and
dimer 4g large.

b) The accuracy of the method depends on the magnitudes of
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P and P.. If it is assumed, say, that the concentration

of monomer is very small, then the pressures of monomer
calculated at the two experimental temperatures will be very
snall and may be of the order of the experimental error.

The second law value of the heat of sublimation calculated
from these two pressures ﬁsing the Clausiue Clapeyron
equation will be inaccurate. Maximum information on the
heats of sublimation of monomer and 9dimer would seem to be
available when the pressures of monomer and 4dimer are equal.
If information concerning the monomer only is required then

a small degree of Gimeprisation is desirable.

diss tion ene th kali fluorides.

From a thermo chemical cycle the following expression
is obtained for the heat of dissociation to atoms of the
alkali fluorides.

D(M+F) = 1D(Fp) + Qp(MF) + L(M) - L(MF)
and D(M+ F*) = D(M+F) + E(F) - I

where D(M+F) 1s the heat of dissociation to atoms of the
alkall fluoride.

D(FZ) is the heat of dissociation to atoms of fluorine gas.

(MF) 1e the standard heat of formation of the alkalil
fluoride.

L(M) 18 the heat of sublimation to atoms of the metal.,
L(MF) 48 the heat of sublination of the alkali fluoride.
I is the ionisation potential of the alkalil metal,
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E(F) 1s the electron affinity of fluorine.
D(M'+ F") is the heat of dissociation to ions.

#D(F,) Q. (¥F) L(M) L(MF) I E(F) D(M*F) D(M+ F)
LiF 18.7  146.3  36.44 66.3 125,79 82.8 132.1 1751

KF 18.7 134,466 21.51 57.8 101.55 82.8 116.9 135.6
RbF 18.7 131.28 20,51 55.6 97.79 82.8 115.1 13041
°k
All quantities are measured in kcal/mole at 298.16
Notes:- The dissociation energy of fluorine was determined

by DOGSCher (1952) and his value was corrected by Barrow and
Caunt (1953) to 298°K; Values of the heat of formation of
the alkali fluorides, and the heat of sublimation of the
alkali metals are taken from the National Bureau of 8tandards
Circular 500 (1952).

The ionisation potentials of all the metals are taken
from Moore (1949); The electron affinity of fluorine, was
found from a Born-Haber cycle on each of the alkali fluorides
using the lattice energles (A) given by Evans, Warhurst and
Whittle (1950) who have corrected the values of Huggins (1937)

to room temperature.



E(F) =
IaF
Q HF) 1463
I 13595
ID(F,) 18.7
1] 245, 1
B 82.13

Q(MF) + L(M)
NaPF KFP
136.0 134046
25.95 21.52
119.98 101.55
18.7 18.7
216.4 193.2
8L.23 83,03
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eI + $D(F,) = U
RbF CsF
131.28 126,9

20450 18.83
97.79 91.26
1847 18.7
183.4 17549
8. 88 79.79

mean value of E = 82.8 kecal/mole.

Comparison between thermo chemical and spectroscopic

values of the dissociation energy.

The ultra violet absorption spectra of potassium

rubidium and caesium fluorides were studied by Barrow and

Caunt (1953) whose values for the dissociation energy are

compared below with the thermo-chemical values calculated

in the previous section.

KF
ROLF
CsP

Spectroescopic Thermo chemical
122.6 keal/mole 416.9 keal/mole
125.7 " 11561 "
129.9 " 115.5 "

In each case, the spectroscopic value is higher than

the thermo-chemical.

The ultra violet spectra are formed by transitions

between the stable fionic ground states and weakly bound

upper states which dissociate to neutral atous.

These

upper states are either purely repulsive or have very

shallow minima,

Barrow and Caunt had to assuwme that at the
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highest vibrational -quantum numbers observed the upper state
curve was horizontal, They then plotted (G," + vgps) against

the vibrational quantum nuwber v, where G,"is given by
" . . 3
Gy =wgo (V+1) cwgx, (VW +3) +yu, (V' +4)

choosing values of W, , the vibration frequency and Wgx,

until the curve produced had the éhape expected of the upper
state potential energy curve. It seems in fgct, that the
upper states are more repulsive than they supposed. This
would give values of the dissociation energy-more in line
with the thermo-chemical values and would also require smaller
values of the vibration frequency. Barrow and Caunt's

values of this quantity are higher than those obtained by
Klemperer, which is a furthér indication that the energies

of dissociation are lower than the values they give.

The binding energy of the alkalj N21ide

classical electro staticmodel,

molecules from the

The theory of ionic lattices developed by Born and Mayer

proposes that the forces between ions can be divided roughly

into two parts:

coulombie

a) attractive, consisting of purely terms and

terms due to polarization etc.
b) & short range repulsive term.
Rittner (1951) applied the principles of the Born

lattice theory to the alkali halide gas molecule and was able



to account satisfactorily for several of the important
properties of the molecule. Two types of repulsive term
have been used in the classical theoretical treatments of
ionic molecules: |

a) the Born relationship B(*) = b/t where b and ~ are
constants.

| Yy
b) the Born-Mayer relationship B(V) = Ae"/P where A is a
constant for each substance.

Rittner used the exponential expression. Varshni has
recently used the electrostitic 2odel to calculate values
of the rotational constant oy snd the vibrational constant

WeXe Tfor the alkali n- and used both forms of repulsive

rliges
term. He concluded that the exponential function gave better
results.

Rittner's expression for the binding energy U of a

gaseous diatomic halogmﬁm°1e°ule is given below (equation 1).

U =-§-ldta) _odwa o hy, b pr o)
2+ M 2 ek,

where ¢ 18 the charge on each ion
o, » o 8are the polarizabilities of metal and
ions respectively
¢ is the van der Waals constant
A and P are constants
Vo is the vibration frequency
r is the internuclear distance.

The terms not already referred to are a van der Vaals
attractive term, and terms representing the difference in
translational rotational and vibrational energy between the

molecule and the free ions from which it is composed.
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The binding energy of the alkali fluorides was calculated

using up to date values of the quantities in the above
equation.

The values of the polarizabilities used were those given
by Tessman Kuhn and Shockley (1953).

London (1930) and Born and Mayer (1932) have stated
that the van der Waals constant ¢ may be calculated from the
equation

3 GJ.Ez .¢' -d’z-
2(€,+6€,)

(2)

where 6' i1s the second ionisation potential of the alkalil
metal

QL is the electron affinity of the haloged

Born and Mayer (1932) found that the London dispersion
forces calculated using the value of ¢ so obtained were about
505 too low. Mayer (1933) reconsidered the method of
calculation and gave new values for C. In the present work
the precept of Rittner and Varshni was followed and C was
calculated using equation (2). For caesium fluoride, the
binding energy was calculated using Mayer's value of ¢ and
also using the calculated value which was about one third
of Mayer's value. The difference between the resulting
values of the binding energy was 0.5 kcal/mole.

The value of p used was that given by Rittner ( p = 0.314

)e
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The constant A was found for each molecule by differentiating
equation (1) and equating to zero for minimum energy.
The binding energy was corrected to 298?& as follows.

o o _ o _y°
U298 Uo Z(H298 Bo)

The summation term denotes the difference, at 298 and at 0%k
between the heat content of the molecule and of the separate
ions. |

Now H =E + PV = E + RT,

For a molecule of gas, H = 3 RT + E, where E; 1s the
internal energy.

For both ions and for the molecule, the electrqnic

states are singlets so that the electronic contribution will

be zero.
For each ion H = 4 RrT.
For the molecule H = ZRT + hewe

~he
e "‘yk.zqg_ '

where ¢ = velocity of light and k is the Boltzman constant.

(° - g% ) = R X298,16)= __]
Z 298 0 % ( ? )e-ﬁcwfg%gl

The results of the calculations and the quantities\used

are given in Table XLVII below.
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Table XLVII

b R e B e

T i A I -
LiF 403 0.64 121.144 5.751 1.527 0.25 58.631 177.8 175.1 2.7
NaF 0.41 75.759 1,840 2.10 114,46 155.3 150.5 4.8
KF 1,33 50.959 2,129 6.60 233,58 140.6 135.6 5.0
RbF 1.98 43.759 2,216 9.66320.18 136.0 130.1 5.9
CsF 3,34 37.487 2,353 1599 485.10 132.1 4123.8 8.3

In the first instance the binding energy was calculated
omitting the van der VWaals attractive energy, the zero point
energy and the term in o0, in the caleculation of both A
and the binding energy. The greatest difference between the
energy so calculated and that calculated including these
terms was 1.2 kecal/mole for caesium fluoride.

There 18 a systematic increase in the difference between
the experimental and calculated dissociation energies from
1ithium fluoride to caesium fluoride. This seems to show
that there is some defect in the model. It would appear that
possibly the soulombiec forces have been over estimated and
that for the heavier metallic ions sereening of the nucleus

has become more pronounced.



APPENDIX

THE MULLIKEN BAND SYSTENK OF 02
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Introduction,
The C, molecule has considerable astrophysical importance:

2
its spectrum has been observed in the sun and other stars, and

in the tails of comets. It is therefore of interest to
determine its constants as accurateiy as possible. Two
series of spectra are observed arieing from singlet-singlet
and triplet-triplet transitions, and so far no inter-combiné~
tion between these two series has b&en observed. There is
therefore sonme doﬁbt as to the relaiive energles of the
singlet gnd triplét levels.

The Mulliken bands occur at wave lengths in the region
of 2300 A, and arise from transitions between the ground
state of the singlet series ‘Z; and the ,Z: level. They were
first reported by Mulliken (1930). Subsequently they were
measured by Hori (1934) and the first complete analysis was
carried out by Landsverk (1939).

Platee of better resolution than those used by earlier
workere became available, and it was hoped that besides
extending the analysis to higher J values and hence obtaining
better values of the rotational constants, it might be possidble
to detect perturbations of the singlet levels by the triplet
jevels. These might yield evidence for the relative energies
of the two systems.

Phillips has analysed the band system due to transitions
between the ground state 'Z} and the '7Tu,
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Q;ggz&mgg@a;,
The plates used were taken at the University of Stellenbosch
South Africa by Professor P.B. Zeeman using the fourth order
of a 21ft. concave grating. The spectrum was excited by
passing a discharge through a mixture of PeNZeN® ya,our and

argon. The comparison spectrum was an iron arc in the

second order.

The bands,

The system consists of a series of headless bands.
Since it is a Zi - §: transition, no qQ branch is produced.
02 is a homonuclear molecule with zero nuclear spin, and

therefore alternate lines are miseing, only those of even J

being observed.

Hethod,

The methods used to analyse the rotational structure of
bands have been dealt with very adequately by Herszberg (1950),
Definitions of the symbols, and proof of the equations used
here will be found in his work,

The'rrequenciea of the R and P branches are given by
the following equations |

R branch: V=V *+ Py (F+ 1Der.’ ) = pe)

poranch: V=V * P (T - DaF " (D) = p(a)

here J is the rotational quantum number in the lower state,
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Firstly, the combination differences for the upper and

lower states were found using the relations
R(3=1) = p(Je1) = 4, F'(J)
R(J) - P(3) = D, F (J).

Now A, F(J) = (1B, - 6D,) (J+}) - 8D,(J+4)3

Therefore a plot of zlgF(J) ageinst (J+3)? has a slope of 8D,

REER))

and an intercept of (uBV - 6D,)s Phillips' bands have the
sane ground state as the Mulliken bands and the combination
differences from his work were combined with the present
results to give the rotational constante B, and D, for the
ﬂzs states Values of B and D for the upper state were
found from values of A, F (J)e These first values of the
constante were used to calculate the position of lines in the
P and R branches which had not then been identified.

The band origin was found, and the differences (BL - B: )
and (D; - Df ) were found more accurately by plotting
R(J) + P(J) against J(J+ . According to the following
relation
R(J)eP(J) = 2y, + (2Bv' - LD, ) +2 (BJ - B

-2 (D, =Dy ) 32 (Je1)?

]

v

- 6D, ) J(F1)

The result was a curve whose departure from linearity at

high J numbers gives the value of (DJ _ Q: ),
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The slope of the straight line produced by plotting
R(J)+P(J)+2(D, = D:')Ja(atl)2 against J(J+1) gave
(B, ~ B, - 6D.). These differences (B; - B, ) and
(D, = D) were combined with the accurate values of B: and
D, for the lower state ffom the combination differences to
give Bi and DL .

The values of B, and D, were further refined by
calculating the positions of the R and P branches and
adjusting the values of the constants to cbtain the besf“rit
with the experimental measurements.

The positions of the L-4 and 5-5 bandes were found by
extrapolating the graph of the frequency of the R line at

any particular J value against the vibrational quantum nunmber,

Results,

No evidence for perturbations was found. The anslysis
has been extended to the lL~4 and 5-5 bands.

The results are given in Tables 1 to 6. In Table 7 the
rotational constants are given. All frequencies are in cn~ 1.

In Tables 1 to 6 are listed the observed frequencies,
with the differences from the calculated frequencies, of the
R and P branches for eaqh band. An asterisk denotes a
Eiénded line and a letter d following the number represents a
aiffuse lines 412 P (J), for each band is also listed,
including, where relevant Phillips' values. Wherever possible,

second differences derived from blended lines were not used

¥
to calculate B: and Dv .
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R(J) o=-¢ PJ) o=-¢ T 2,0 3,0 0,0 mean

43230.61 =.01

J
0
1
2 38001 +,02 19.&* "'.15 5 " L
2 » 2 ] ’ 2 [ ]
L 45,47 +,03 12,57 «.06 z Z a7 ? ’ ;9
6 5209"" -,06 05061‘! +,02 7 z.z iz. Bz.i
o2 .. o2 .
8 60,76 +,11 43198,65 =,03 She35 FHe29 The3
9 68,79 68,82 68,97 68,86
10 68.38§ ‘.21‘" 91.79 “'9006
11 83,21 83.22 83.22
1 84,13 +,03 78,51 +,01 ’ ) ]
15 112,11 112,22 112,17
16 92007 "'.00 71091 "“007
18 h3300 o7 o7 65. 5% 02 17 126,49 126,53 126451
e T 19 140.86 140,87 140 .87
20 08,33 +,07 59,208 =,0l
21 155,26 155.23 155.2%
22 16.5"" ""'006 53006” "'063 )
23 169.57 169.47 169.52 169,52
2h 24,81 +,04%  W7,02 +,05
25 183,82 183.78 183.80

26 3320 +,08 40,90 «,03
27 198.10 198,06 198,19 198,12
28 h’lo?" ""000 35001 ""’001

290 212,30 212.2% 212,25 212,26
30 50,03 +,01 29,29 +,06

58.59 02 23 43 10 31 226,48 226,60 226,54
2 . ".'. ® -y
X 33 240,56 240,56 240,56
3k 67.25 +.,09 18,03 +,08
35 254,62 254,80 254,71
% 75:5 T3 2SO, 268,70 268,82 268,76
38 8“".61 +,10 07.0‘1- -.03 ¢ . ‘8 i o7
282,87 282,
W 93.21 -001 01.?“ n'Ol} 39 7 « 2 87
41 296463 296463

b2 43402.,10 +.,0% 43096,58 =,02
43 310,59 310,59



Ay ") 5
5 -

J R(J) o~-c¢ PWJ) o0-c J 2?8111328 0,0 mean
W 10,95 +.08 91,51 +.01 s

46 19,72 +.02  86.63m +.13 " 338.08 338.08
48 28,61 +.04% 81,64 +,04 " 351,82 351.82
P 3746 =01 7679 +01 365.33 365433
52 46,23 =16 72,13 +,06 5 378,80 378480
5 55,22 =10  67.43 «,01 55

56 64,05 =.21 62,60 =,31 50 405.72 405,72
8 73.06 =05 58.33 -1 419,16 1%19.16
60 01.78 =.38 s4,00 =,07 61

62 91.03 .07 49.73% -,05 63

64 U43500,16 +.1% 45,338 -.24 65

66 08,97 +.04 41,084 ~.36 67

68 17.79 =.02 37.47 +.1c 69

70  26.72m +,07 71

72 35.50 +.,01 73

74 4,25 <«.02 75

76  52.95 =095 77

78 61,50 =.17 79

80 70,26% -,0h 51

82 (78.72) 83

g (86.73) 85

86  (95.48)
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Phillips -z
J R(J) o~-a P(T) 0ec J 3,1 1 1,1
0
2 143212,08 +,01 43194,07 +.05 1 10.79 10.7
b 19,45  +,02 86,97 +.02 3 24,99 29.11
6 26,92 +,04 80,05 +.08 5 39.49 39.45  39.40
8 LML -02 73,13  +.02 7 53.79 53.75  53.79
10 41,91 -,k 66.32  +.01 9 67.99 68,09%
12 49, 7%  +,00 59.40m =.21 11 82,41 82,36 czJ5lm
W s -0z 5306 a0 o 0Th 9668 9047
16 65.36  +.00 6.5k +.ob 15 111,01 110,96 110,95
18 73.27 =01 0.0 4.0 17 125.32 125.16
20 816 -1 33.80 402 139.43 139,47
22 8929 03 2776k +0 153.55 153.40x
2 97.38 -5 2135 =09 167 .94
26 W3305.61 +.01 15,36 =04 25 181,96 162.02
28 13.79 =06 09,31 -,16 27 196401 196430
P 2203 01 0351k -udb 210,26x
32 3049  +,01 43097.85 .05 31 221,28
34 38.85 +,00 92,29 +.0k4 33 238,20
36 W2l -2 B6.63m =407 252,22
38 55,86  +410 81.26m +.02 37 266 ,0 2%
Mo 637 40 75098 +.12 ii iiiii
L2 72,90 +,09 70,73 +o1k N 307.56
Ll 81,44  +,05 6534 =407 .
46 89.99 +.,01 60.,31% +.00 43 321.10%

47 334,57
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TABLE 2 (continued) A,70(3) o
Phillips -2
J RWJI) o=e¢ PWA) o -c I 3 y1 1,1
B4 . 98,61 +.02 5yl +.12 " 148, 25
P L3072 +,02 50 436% =401 51 361.91x
592 415,77 -.09 454330 =e20 " 375.77
54 24,61  +,10 5
56 33.08  «,08 57
58 41,75 =,06 %
60 50425 =19 61
62 58,95 =-.12 6
6k 67.50 -.17 65
66 76,08 =16 &7
68 84,87 +,07 6
70 93.17 ~-,02 n
72 43501,70 =408 ”
7% 10,19 =402 . s
76 18,61 +,03 ¥ 77
78 26,728 =,17 79
80 35.50% +,37 81
82 (43.33) 3
g4 (51439) 85
86 (59.86) 87

88 (67o42)



TABLE 3
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A ()
2.= 2 Band | Pm%l;:ps '5,}?: " mean

I ORI - P o0-cyd :

0 1

2 U3186.2% =.08 143168.64m +.18 5

4 93,65 +.05 61,51 +.,05 5 39,01 39.15 39,08
© W09 -3 S =0k s s3.32
8 0836 =03 W78k +.12 9 67.32  67.46m
01583 -.07  lo.gom -.06 Jlo5% 1,48

12 2345 -.02 335 +.05 13 95 +69%

14 31.09 «,05 27.76m +,02 15 109 ,7kn

16 38,86 +.01 21,35 +,10 17 124,05 124,05
18 W67 +a3 2Bl -05 138.27 138,27
20 Sl =402 08,50  -.06 21 152,16 152.16
2 6231 -7 0229 -0 166,07 166,07
2L 7042  +,08 43096,24% +,04 25 180.26 180 .26
2 7831 -0h 0.6 .01 193,96
28 86438 =05  Gh35m +409 29 208,02,
30 U3 .1l 78¢36n -,01 31 221,67 221.67
32 43302.62 =409 72466 +40k 33 235,65 235.69
3% 10,89 4400 664,97 +,06 35 249,50 249,50
36 19.16 +,03 61,39 +.07 37 263,22 263,32
38 27,42 4,02 55,84 +,09 19 277 L06x
MO 35.68 =0k 036w -w02 290 , 35w
b2 M6 430 b5adm w26 304,16 304,16
Y 52,48  +,05 40,00  +.1b " 317.58 317.58
46 60,8  +.01  3k,90x +.23 49 331,11 331,11
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52

96
58

62
64
66
68
70
72

76

TABLE 3 (continued)
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",

Phillips .;-:ry; )
R(J) o=~ ¢ F(J) o-¢ J y2 2,2 mean.
69.18 +,00 £9,69 +,10 ‘
77.77  +J19 2472 +.13 "9 b
85.96 -0k  (19.89) 1
94,37 =03  (14.37%) 3
43402,80 =02  (09.5%) 7
10,958 =429 77
19.72% +,09 9
27,95 «.0k o1
36,72  +,37 3
4,65 =403 63
53,02 +.05 67
6142  +,20 69
69,45  +,01 7
77.63 =.01 73
(844,91) 73
ol 24 77
43501,70 7
10,19% o1
18,61= %3
26,72% %3
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JADLE 4
3 -3 Bend
!
3 R(J) 0 -c P(J) o=-c¢c J A.F e
0 L315h,50 +,11 ;
2 61.51n +, N o84
2 ++00 3143 3 24462
l" 6806“’“ “005 36.89
6 76,03 11 > B
Ve 4‘.0 503 .
4 3 7 52460%
8 83.19 .10 23413m
9 66456
10 90,69 +,00 16,63
11 80,81
12 98,28 +,13 09,88
} | 13 9h077!
ll"’ 1"320 5.61* . .07 03 ° 51”
16 13.38 +.12 43097.04 +,00
17 122,71
18 20090 ""'002 90«.67 "‘002 19 1 6 55
2l 150 ,38%
22 360""9!! +,10 78436ﬁ +013
2% U'i'.22 +.,10 72,138 +,01
, 25 178.01
26 52.19 +,16 66.21 +.09 7 101. 88w
e .
28 60,16 +430 00.31x +,11 29 7 6
| ‘ 205,
30 63,38k +,11 5447 +,10 31 7+69
32 76410 +409 48,75 +,03 33
3‘0‘ 814’.13! 07 l}3¢13 +.16 35
36 92,078 =,19 37.47  +,07 3
38 300,078 -,11 32413  +,20 39
4o 08.33% =09 26659  +,04 b
L2 16 o Sl -,08 21.52% +e25 ‘+3
Ly 24 . 81w +,09 16.19 +.09



TABLE Y4 (continued)
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J R(T) o~ e PO o-c 7 AF)
46 32,20%  +,15 10,85 =.10 -
L8 L1,5u%  +.35
49
50 50003,‘ +.00 01.01 ".01 l'l
52 55400 01 42996,00 +,19 ;3
54 66,31 -.13 5
56 71‘!’053 "-06 86085 *005
57
58 82,93 +,17 59
60 (90051) “ng .
6l
62 99 459



IABLE 2
4 « 4 Band
J ORI o-c P(J) -c SV LES
° 1
< U3130.57 ~e10 43121.35% +416 3 o108
b 45,87  +,09 14 49 +,15 5 38.30
6 53.06  +,08 07,51 - Ol ) 51
G 60.26  +,02 00,87 +400 o 65.9
67453 -e03 O, 27 +403 1 79.83
1z 7%.89  =,06 87.70 +,00 23
1 82,38 -059 81,26 +,01 15 107,50
16 89.93 -,02 74,88 -.01 17 121.36
18 97 « 55 +,0l 68.57 -e05 19
20 43205.,22  +,03 62.60%  +,18 )
22 13.30%  +,48 56.13d  +,19 23
24 20462 «05 25
26 28,54 «,05 4ho3kd  +,04 27
28 36,1498  +,14 38,56 +,02 20
30 k220 =.09 32,75 -e07 a1
32 52,19  =,11 27.17d  +,02 "
3k 60,16 =,17 2l.52d -o 1k
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JABLE ©
2.=2 Band
J R(J) °o~c P(J) o-c¢ J A&fﬁf(J)
2 43119.19  =.09
4 20 426 ~06  43095.17 3 244,02
6 33,49  +.10 86,48 9 37.78
8 40 .66 +,04 x 7
10 47,048  -.02 75439 9 65427
1z 55.18d +,01 68453 11 79,01
1 62.56  +.00 62460 13 92,58
16 69.82  =,19 56.,13% 15 106,43
18 7753  +.00 49,73 7 12059
20 85.16%  +.28 . 19  133.19
22 92.79  +.07 38.22m 21 1469k
24 U3200,63  +.h2 32.13% 23 160,66
26 08.36%  +,20 25
28 15.83%  =,13 27
30 23,78 =04 29
32 31,91 +19 31
3k (39.638)  +400 33
36 L8,02  +432 35
38 56.03 +,28 37
4o 63.95  +,09 39
W2 72,20  %,19 hi
by 83499 43



e

W EFow N

'13226.97
'13201.17
43175.52
h3?50.86
4,3128,.13
43108.86

1.81171:5

1.79395
1.7757g
1.7558,
1.7380

5
1.7199

TABLE

1.823721

1.80u9u
1.7858,
17651,

7.4475
7.190
7.233
7.50
75
7.5

[60

7.4815
7.518
75304
7.67
745
7.5
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